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Mineral dust is generated in continental interiors and exported by winds to ocean basins, providing 
a sedimentary archive which is one of the few direct indicators we have of atmospheric circulation 
in the past. This archive can be utilized in regions of dust transport also affected by monsoons to 
examine how different climate forcing mechanisms impact the monsoon regions over glacial-
interglacial, orbital, and millennial timescales. This thesis generates new eolian dust records from 
two monsoon regions to reconstruct changes in atmospheric circulation in response to forcing by 
high-latitude insolation and boundary condition change. In Chapters 2 and 3 I use 230Thxs-
normalization to construct high-resolution eolian dust flux records from sedimentary archives 
downwind from the West African and East Asian Monsoon regions respectively. The West African 
margin dust records show variability associated with an interplay between Northern Hemisphere 
summer insolation forcing and North Atlantic cooling. The longest record at ODP Site 658, 
stretching back to 67 ka, shows evidence for a “Green Sahara” interval from 60-50 ka and a skipped 
precessional “beat” from 35-20 ka. This record also shows evidence for abrupt increases in dust 
flux associated with Greenland stadials. The Shatsky Rise record at ODP Site 1208, downwind of 
East Asian dust sources, shows variability associated with glacial-interglacial boundary conditions 
over the last 330 ka, exhibiting high dust during glacial times. The record also exhibits variability 
associated with a Northern Hemisphere summer insolation control at times overriding the glacial-
interglacial signal. In Chapter 4 I demonstrate the feasibility of using radiogenic neodymium 
isotopes (143Nd/144Nd) at IODP Site U1430 in the Sea of Japan to fingerprint the provenance of 
eolian material at the core site from Asian dust sources. I then generate a 143Nd/144Nd record from 
isolated eolian material over the last 200 ka to examine Westerly Jet behavior in the Asian interior, 
which shows resolvable orbital-scale variability from 200 to 100 ka, and muted variability from 
100 to 0 ka. The findings imply a quicker shift of the Westerly Jet to the north of the Tibetan 
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Monsoons and Dust 
 
Monsoon circulations are major features of the tropical atmosphere, which, primarily through the 
rainfall associated with them, are of profound importance to a large fraction of the world’s 
population (Clift & Plumb, 2008). Monsoon climates are characterized by a strong seasonal cycle, 
with wet summers and dry winters, and involve a reversal of wind direction from equatorward-
easterly flow in the dry season to poleward-westerly flow after monsoon onset. Paleo-records have 
found dramatic changes to monsoon circulations on millennial, orbital, and tectonic timescales. As 
these heavily populated regions will be affected by future climate change, bringing changes to 
atmospheric circulation, the need to understand controls on monsoon circulations is fundamental.  
Windblown dust proxies can be used to aid in reconstruction of the atmospheric response to 
changing climate in monsoon regions. Deserts at the poleward limits of the Asian-Indian Ocean-
Australian and the West African monsoon systems are the largest source areas for dust worldwide 
(Figure 1-1). This observation points to the potential of reconstructions of windblown dust using 
sedimentary archives to provide insights into changes in winds and aridity at the edges of these 
monsoon systems in the past. Dust reconstructions can also provide insight into the role of dust 















Figure 1-1. Dust fluxes to the land and ocean surfaces based on a composite of three published 
modeling studies that match satellite optical depth, in situ concentration, and deposition 
















This thesis focuses on reconstructing the atmospheric response to glacial-interglacial, orbital-, and 
millennial-scale climate variability in two Northern Hemisphere monsoon regions as indicated by 
dust proxy records. I generate new high resolution 230Th-normalized dust flux records for the West 
African monsoon over the last 67 ka (Chapter 2) and the East Asian monsoon over the last 330 ka 
(Chapter 3), and a record of changing dust provenance for the East Asian monsoon over the last 























































Orbital- and Millennial-Scale Variability in North African Dust 




High resolution reconstructions of eolian dust flux to West African margin sediments can be used 
to explore changing atmospheric circulation and hydroclimate over North Africa on millennial to 
orbital timescales. Dust flux records from the margin over the past 20 ka, and the Mid-Atlantic 
Ridge over the past 70 ka, show variability associated with both summer insolation and North 
Atlantic cold periods. Here, we extend existing dust flux records from the West African margin 
back to 35 ka in a transect of core sites from 19°N to 27°N, and back to 67 ka at ODP Hole 658C, 
in order to explore the interplay of orbital and high-latitude forcings on North African climate and 
make quantitative estimates of dust flux during the core of the Last Glacial Maximum (LGM; 23-
19 ka). 
 
The ODP 658C record shows a “Green Sahara” interval from 60-50 ka during a time of high 
Northern Hemisphere summer insolation, with low dust fluxes similar to levels during the African 
Humid Period (AHP; 12-5 ka), and an abrupt peak in flux associated with Heinrich event 5a (H5a; 
~55 ka). A general trend of increasing dustiness is observed from 60 to 35 ka while the Northern 
Hemisphere cools, with multiple millennial-scale peaks in dust flux associated with cool events in 
the North Atlantic superimposed on top of the longer-term dust increase. From 35 ka through the 
LGM all cores exhibit a coherent decrease in dust deposition, with millennial-scale peaks in dust 
flux associated with H3 (~32 ka) and H2 (~25 ka). A striking feature of these records is the absence 
of a strong low-latitude insolation response in dust flux over the interval from 35-20 ka, suggesting 
a skipped precessional “beat”. The dust fluxes at all core sites were relatively moderate during the 
LGM, with mean values near late Holocene levels, suggesting much lower glacial-interglacial 
response than observed in mid-latitude dust sources. 
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2.2 Introduction  
 
Records of mineral dust emissions from the Sahara Desert are essential for understanding past 
changes in North African climate, and are tightly linked to the strength of the West African 
monsoon (deMenocal, 1995; deMenocal, et al., 2000; Skonieczny et al., 2019; Wang, et al., 2015). 
Wind speed and aridity variations are expressed as fluctuations in the amount of dust exported 
from the North African continent to the Atlantic Ocean, meaning that downcore measurement of 
dust flux to North Atlantic sediments allows an integrated reconstruction of how winds and aridity 
respond to climate changes.  
 
Presently, mineral dust is emitted from North African sources as a result of dust storms, and blown 
across the northwest African continental margin and over the Atlantic Ocean. Annual dust 
emissions are the cumulative result of dust outbreak events transporting material to the margin 
throughout the year, with maximum emissions during winter and early spring, moderate emissions 
in summer, and minimum emissions of dust in fall (Ridley et al., 2012). Observational records of 
interannual and decadal-scale variability of dust emissions attribute peak winter dust to reduced 
rainfall associated with southward movement of the Intertropical Convergence Zone (ITCZ) and 
increased surface winds over North African dust source regions (Van der Does et al., 2016; 
Doherty et al., 2012; Ridley et al., 2012).  
 
Paleoclimate proxy records and geochemical tools have been used to extend the record of 
variability of dust transport to the margin beyond the observational record, which exists only from 
the mid-1960s (Prospero & Lamb, 2003). Records of the last 20 ka were developed using 
sediments from ODP Hole 658C by deMenocal et al. (2000) and Adkins et al. (2006). Later work 
demonstrated that the variations in this core were coherent along the northwest African margin 
between 19°N and 27°N (McGee et al., 2013) and were observed across the Atlantic Basin in the 
Bahamas and central Atlantic as well (Williams et al., 2016). These reconstructions show an abrupt 
transition from a time of high dust accumulation during the deglaciation to a sustained period of 
low dust accumulation between 12 and 5 ka. This low-dust period is known as the African Humid 
Period (AHP) and is marked by an abrupt onset and termination, followed by a more gradual 
increase of dust accumulation toward the present. Comparison of these dust records with other 
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climate proxy records of North African climate shows that the AHP marks a “Green Sahara”, when 
the Sahara Desert received high rainfall supporting diverse and widespread vegetation, permanent 
lakes, and human populations (McGee & deMenocal, 2017, and references therein), with 
accompanying continental runoff (Skonieczny et al., 2015). The AHP occurred when Northern 
Hemisphere summer insolation was increased relative to the present due to precessional variation, 
which has been shown through modeling efforts to increase the extent and intensity of the monsoon 
system (Battisti etal., 2014; Braconnot et al., 2012; Kutzbach, 1981; Tjallingii et al., 2008). There 
is also evidence that trade wind strength was decreased over the West African margin during the 
AHP, as evidenced by decreased wind-induced biogenic fluxes to margin sediments and increased 
sea surface temperatures (SSTs) along the margin (Adkins et al., 2006; Bradtmiller et al., 2016). 
These findings over the AHP highlight two controls on changes to dust flux from North Africa, 
aridity and wind strength, and the importance of considering the interplay between the two. The 
AHP was a time of increased humidity over North Africa, with increased soil moisture and 
vegetation cover reducing dust generation from source regions, with accompanying reductions in 
trade wind strength further limiting dust export to the margin. Together, the data and modeling 
reveal a strong summer insolation control on African climate and its expression in dust flux records 
over the past 20 ka.  
 
These studies also began to elucidate dramatic intervals of rapid and high-amplitude changes to 
climate and dust transport in this region over far shorter timescales, punctuating the orbitally-
forced record at a millennial scale. During abrupt North Atlantic cooling events such as Heinrich 
event 1 (H1) (18-14.7 ka) and the Younger Dryas (YD) (12.9-11.7 ka), abrupt increases in dust 
flux have been recorded at multiple sites over the margin, with fluxes reaching the highest values 
of their respective records during these events (Mulitza et al., 2008). Comparison of these dust 
records to other climate proxy records in the region has been used in combination with numerical 
modeling efforts in an attempt to understand the relationship between these abrupt increases of 
dust and North Atlantic climate.  
 
Multiple studies have linked North Atlantic cooling to increases in northeasterly winds over North 
Africa (deMenocal et al., 1993; Liu et al., 2014; McGee et al., 2018; Mulitza et al., 2008; Tjallingii 
et al., 2008). Cooling of winter SSTs and expansion of sea ice in the North Atlantic shift the 
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Atlantic ITCZ to the south, weakening the monsoon and increasing trade wind strength, leading to 
an increase of dust export (Liu et al., 2014; Meyer et a., 2013; Murphy et al., 2014). Consistent 
with this finding from models, northwest African margin sediments record increases in the 
accumulation of biogenic opal and organic carbon during these cold events, suggesting increased 
wind-driven upwelling (Adkins et al., 2006; Bradtmiller et al., 2016; Romero et al., 2008). A 
weakening of monsoon rainfall during North Atlantic cooling events also shifts the Sahel-Sahara 
boundary south (Collins et al., 2013), potentially opening up new dust source areas and further 
contributing to the increase in dust emissions during these events. These high-resolution studies 
provide evidence for a North Atlantic high-latitude control causing abrupt changes to atmospheric 
circulation and North African climate on millennial timescales, in addition to the low-latitude 
orbital regulation of African monsoonal climate. 
 
Recent efforts by Skonieczny et al. (2019) have shown a high correlation of Saharan dust flux, 
calculated using 230Th normalization, with summer insolation over the last 240 ka, confirming low-
latitude pacing of northwest African dust fluxes at 18°N spanning at least the last two glacial cycles 
for sediment core MD03-2705. Low sedimentation rates for core MD03-2705, which is adjacent 
to ODP Hole 658C, precluded detailed study of potential millennial scale controls on North 
African climate over this longer time frame. Here we present northwest African margin dust flux 
records from core sites with higher sedimentation rates (5-10 cm/kyr) to explore the combined 
effects of high-latitude and orbital forcing of African climate extending back to 67 ka. Probing this 
time period allows us to make quantitative estimates of dust flux during the core of the LGM, and 
examine over multiple precessional cycles the impact of high-latitude and summer insolation 
forcing on dust export. Drawing on the mechanistic links between regional climate and dust export, 










2.3 Methods and Core Sites 
 
2.3.1 Core Locations 
 
A meridional transect of 4 core sites between 27°N and 19°N were used in this study (Figure 2-1). 
These sites have been used to monitor past variations in northwest African climate, as they 
represent North African dust emissions to the tropical North Atlantic (McGee et al., 2013; 
Williams et al., 2016). The three gravity cores GC37, GC49, and GC68, were taken by the R/V 
Oceanus during the 2007 Changing Holocene Environments of the Eastern Tropical Atlantic 
(CHEETA) cruise (OC437-7). The sediments from Ocean Drilling Program Hole 658C off Cap 
Blanc, Mauritania were cored during ODP Leg 108 (Ruddiman et al., 1988).   
 
2.3.2 Age Models 
 
The chronologies for the OC437-7 cores were developed from AMS radiocarbon ages on 
planktonic foraminifera (see Appendices Figure 2-10). Radiocarbon ages younger than 20 ka in 
GC37 and GC68 and ages as old as 31.5 ka in GC49 were taken from McGee et al., (2013). Seven 
new radiocarbon ages were measured for this study. The ages for this study were determined on 
specimens of Globigerina bulloides; radiocarbon measurements were performed at the Center for 
Accelerator Mass Spectrometry at Lawrence Livermore National Laboratory. Radiocarbon ages 
were converted to calendar ages using Marine13 (Reimer et al., 2013), with an additional reservoir 
correction (ΔR) of 130 ± 50 yr (2σ) based upon local modern reservoir ages (Mulitza et al., 2010; 
Ndeye, 2008; Pittauerov et al., 2009). We do not attempt to estimate past changes in reservoir age, 
though these most certainly accompanied the dramatic changes in upwelling observed in African 
margin records (Bradtmiller et al., 2016; Romero et al., 2008). Age models were interpolated 
between 14C tie points using the P_Sequence routine in OxCal 4.2 (Bronk Ramsey, 2008). This 
routine provides Bayesian age-depth modeling and treats sediment deposition as a series of discrete 
“events” following a Poisson distribution with a user-specified step size. A step size (k) of 0.75 





















Figure 2-1. Map showing core sites and the TOMS 13-year (1992–2005) averaged aerosol 
concentrations (http://toms.gsfc.nasa.gov/aerosols/aerosols_v8.html). Modified from (Cole et al., 
2009). Core locations and depths as follows: GC37 (26°81’N, 15°12’W, 2771 m), GC49 (23°21’N, 













The chronology for the ODP 658C core is based on AMS radiocarbon ages and correlation to a 
geochemical record from a nearby core with existing age model (see Appendices 2.A). From the 
coretop to 20 ka radiocarbon ages from deMenocal et al. (2000) are utilized, and two new 
radiocarbon ages determined on specimens of Globigerina bulloides were measured for this study 
to constrain the chronology from 30 to 38.5 ka. Radiocarbon ages were calibrated using Marine13 
and a constant ΔR of 130 years. Between 25 ka and 67 ka the chronology is based on matching 
CaCO3 weight percent in ODP 658C to calibrated XRF CaCO3 weight percent in neighboring core 
GeoB7920-2 (see Appendices Figure 2-8). The age model for this part of GeoB7920-2 is based on 
visual correlation of the benthic (Cibicidoides wuellerstorfi) δ18O record with that of marine 
sediment core MD95-2042, with the δ18O stratigraphy of MD95-2042 on the GRIP ss09sea age 
scale (Tjallingii et al., 2008). 
 
2.3.3 Determination of Biogenic Components and Eolian Fraction of Sediments 
 
The detrital percentage of the samples was calculated as the residual after subtracting the 
carbonate, opal and organic carbon percentages measured at Macalester College. Percent carbonate 
and percent total carbon were determined through coulometry. Percent organic carbon was 
calculated as the difference between total carbon and carbonate carbon. Percent biogenic opal was 
determined using alkaline extraction and molybdate blue spectrophotometry after the method of 
Mortlock & Froelich (1989).  
 
The eolian fraction of the sediments was calculated by measuring grain size and utilizing 
endmember modeling of grain size distributions to sum the two coarsest endmembers, which are 
taken to represent the eolian fraction of the detrital material, as determined above. Prior to grain 
size measurement the non-detrital fraction of the sediment was removed in a stepwise leaching 
procedure. Organic matter and calcium carbonate were removed in a glass beaker using excess 
10% hydrogen peroxide and 0.1 M hydrochloric acid, respectively. Opal was removed by 
transferring the samples to centrifuge tubes, adding excess 2 M sodium carbonate, and heating the 
samples in an 80°C hot bath for 5 hours. Grain size measurements were made on a Beckman 
Coulter LS 13320 Laser Diffraction Particle Size Analyzer at the Royal Netherlands Institute for 
Sea Research.  
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The grain size distribution below 250 μm was used for grain size endmember modelling in order 
to separate eolian from hemipelagic inputs. The grain size data for each core was fit using Weibull 
distributions, which are unimodal, asymmetric distributions that closely approximate measured 
grain size distributions of airborne dust and loess (Sun, 2004; Zobeck et al., 1999). Three 
endmembers per core were used to model the grain size distributions, with the two coarsest 
endmembers identified as eolian dust, following the work of McGee et al., (2013). The proportion 
of the grain size distribution that is accounted for by the two coarsest endmembers was taken as 
the fraction of the detrital material that is eolian, and this value was multiplied by the detrital 
percentage to obtain the eolian fraction of the bulk sediments. 
 
The same endmember distributions that McGee et al., (2013) calculated for cores GC37, GC49, 
and GC68 were utilized to estimate eolian fractions for new sediment samples in this study for 
those sites. For core ODP 658C best fit endmember distributions were calculated from grain size 
distribution data on all samples worked on in this study (from 18.879 ka to 67.019 ka), and used 
to estimate the eolian fraction of the bulk sediments (see Appendices 2.B).   
 
2.3.4 Uranium, Thorium Isotope Measurements 
 
Eolian fluxes were calculated by multiplying the eolian fraction of the sediments by the vertical 
sediment flux. Sediment fluxes were calculated using 230Thxs-normalization (Bacon, 1984; Suman 
& Bacon, 1989), which utilizes the fact that the instantaneous ratio of water column scavenged 
230Th flux to the total sediment flux must be equal to the concentration (in dpm g-1) of 230Th in the 
underlying sediment: 
 







where β is the production rate of 230Th from 234U in the water column (0.0268 dpm m-3 yr-1, McGee 
et al., 2010), z is the water column depth, [230Thxs
0] is the concentration of the component of the 
total 230Thmeas that is not derived from detrital material or supported by 
238U decay within the 
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sediments, and has been corrected for decay since it was deposited, and F is the fraction of eolian 
material. The water column depth was adjusted for changing sea level (Waelbroeck et al., 2002) 
as this affects the production rate of 230Th in the water column. 
 
230Thxs
0 is calculated using the following equation: 
 
𝑇ℎ𝑥𝑠  
0230  =   𝑒𝜆230𝑡  ×   [ 𝑇ℎ𝑚𝑒𝑎𝑠
  − 𝑇ℎ𝑑𝑒𝑡
  − 230230 𝑇ℎ𝑎𝑢𝑡ℎ
  230 ] 
(Equation 2.2) 
 
The correction for decay was made using the age model of the core to assign an age to each sample 
and account for the decay of initial excess 230Thxs since the time of deposition. The detrital 
230Th 
was calculated by assuming the 232Th content of the sample was entirely sourced from the detrital 
component, and calculating the activity of the 238U associated with this detrital component using a 
‘known’ detrital U/Th ratio of 0.7 ± 0.05 (1σ) for this area (Adkins et al., 2006). The detrital 230Th 
is assumed to be in secular equilibrium with this uranium, so it can be subtracted from the 230Thmeas. 
Authigenic uranium is taken to be that which remains after accounting for the detrital uranium. 
Authigenic 230Th is therefore calculated by assuming that the formation of authigenic 
minerals/coatings occurs at the time of sediment deposition and incorporates 234U/238U at a 
constant seawater ratio of 1.1468 (Andersen et al., 2010).  
 
In preparation for isotopic measurements samples were weighed, doped with a mixed spike of 
229Th and 236U, and fully dissolved with hydrogen peroxide, nitric acid, hydrochloric acid and 
hydrofluoric acid.  An iron coprecipitation step allowed removal of much of the matrix of the 
dissolved sediments and thus improved yields of Th and U. Samples then underwent anion 
exchange chromatography using Dowex Bio-Rad AG1-X8 100-200 mesh anion exchange resin to 
elementally separate Th and U so that the two elements could be measured separately. 230Th, 232Th, 
and 238U isotope measurements were made using a multi-collector inductively coupled plasma 
source mass spectrometer (MC-ICP-MS). The majority of isotopic measurements were made using 
a ThermoScientific Neptune Plus MC-ICP-MS at Brown University; more recent measurements 




Uncertainties in the final eolian fluxes reported reflect confidence limits associated with mass 




The meridional sediment core transect along the northwest African margin reveals latitudinal 
differences in the relative expressions of low-latitude (orbital monsoon) and high-latitude (glacial 
and stadial event) forcing on regional dust fluxes and coastal upwelling (Figure 2-2; see Appendix 
A for the data). Dust, opal, and organic carbon fluxes for the 0-20 ka portions of GC37, GC49 and 
GC68 were previously published in McGee et al., (2013) and Bradtmiller et al., (2016), 
respectively. Detrital fluxes for the 0-20 ka portion of ODP 658C were previously published in 
Adkins et al., (2006). 
 
2.4.1 GC37 (27°N) 
 
Dust fluxes in core GC37 exhibit a maximum from 36 to 31 ka during late MIS3 (~0.5 g cm-2 kyr-
1), with a millennial-scale peak coincident with H3 (31.3 ka) (Sanchez Goñi & Harrison, 2010). 
Fluxes gradually fall during MIS2 to moderately low values (0.26 g cm-2 kyr-1) in the late LGM 
(~20 ka), with a small dust peak associated with H2 (24 ka). Dust fluxes rise to millennial-scale 
peaks during H1 (0.37 g cm-2 kyr-1) and the YD (0.47 g cm-2 kyr-1), with the YD showing a 20% 
higher peak flux of dust than H1. Fluxes abruptly fall during the onset of the AHP at ~11 ka, and 
continue to fall to the lowest recorded value at ~6 ka (0.09 g cm-2 kyr-1). Dust fluxes then increase 
into the Late Holocene (~1 ka) to a value of ~0.2 g cm-2 kyr-1. 
 
Both opal and organic carbon fluxes are highly correlated with dust fluxes in core GC37 (r2 = 0.69 
and 0.43, respectively). Similar to dust, both opal and organic carbon are at maximum levels at 
~36 ka, the base of the core. Biogenic fluxes decrease into the LGM, with opal more closely 
tracking dust and organic carbon dropping rapidly after 30 ka. Opal fluxes rise to high levels during 
both H1 and the YD, while organic carbon fluxes peak only in H1. Fluxes of both opal and organic 




2.4.2 GC49 (23°N) 
 
Dust fluxes in core GC49 decrease steadily from a late MIS3 maximum at 36 ka (0.74 g cm-2 kyr-
1) to moderately low values during the late LGM at ~21 ka (0.52 g cm-2 kyr-1), with a small peak 
coincident with H2 (24 ka). Dust fluxes then rise to peaks during H1 (0.65 g cm-2 kyr-1) and the 
YD (0.84 g cm-2 kyr-1), before decreasing to a minimum during the AHP (0.08-0.11 g cm-2 kyr-1). 
Similar to the GC37 record, the dust flux peak associated with the YD is larger – by ~30% – than 
the H1 peak, showing a stronger dust response during the YD in the northern core sites. Dust fluxes 
then increase into the Late Holocene to a value of 0.52 g cm-2 kyr-1. 
 
Both opal and organic carbon fluxes are highly correlated with dust fluxes in core GC49 (r2 = 0.45 
and 0.39, respectively). Opal and organic carbon fluxes are at high levels during late MIS3 at ~36 
ka, the end of the core, and both decrease into the LGM. Opal fluxes more closely track dust fluxes, 
also showing a peak coincident with H2 (24 ka), while the organic carbon fluxes drop rapidly after 
30 ka and are highly variable during the early part of the LGM. Opal fluxes rise to high levels 
during H1 and the YD, while organic carbon fluxes peak only in H1 and show an earlier peak from 
18-21 ka at the end of the LGM. Fluxes of both opal and organic carbon fall to low levels 
throughout the AHP before rising during the late Holocene. 
 
2.4.3 GC68 (19°N) 
 
Core GC68 provides the highest resolution dust fluxes in this study due to the high sediment 
accumulation rates at this site. From 26 ka to the end of the LGM, dust fluxes show a slight 
decrease punctuated by abrupt rises and falls between values of ~4.5 to ~2 g cm-2 kyr-1, including 
a small peak coincident with H2 (24 ka) and a prominent peak at ~21 ka. Dust fluxes then rise to 
peaks during H1 (~6 g cm-2 kyr-1) and the YD (~4.2 g cm-2 kyr-1), before decreasing to a minimum 
during the AHP (0.39-0.49 g cm-2 kyr-1). In contrast to cores GC37 and GC49, the H1 peak dust 
flux is larger than the YD peak dust flux (by ~50%), showing a stronger dust response during H1 
at this southern core site. Dust fluxes then increase into the Late Holocene (~2 ka) to a value of 




Figure 2-2. Opal (blue line, open diamonds), Corg (red line, open squares), dust (black line, open 
circles), and detrital (grey line, open circles) flux records arranged from north to south as labeled. 
Data <20 ka in GC37, GC49, and GC68 from Bradtmiller et al., (2016); data <20 ka in ODP 658C 































































Opal fluxes are highly correlated with dust fluxes in core GC68 (r2 = 0.44), while organic carbon 
fluxes show very low correlation (r2 = 0.02). From 26 ka, the end of the core, to the end of the 
LGM opal fluxes show a slight decrease punctuated by abrupt rises and falls similar to the dust 
record, also recording peaks coincident with H2 and at ~21 ka. Organic carbon fluxes show a 
substantial difference from dust fluxes from 26 ka to the end of the LGM with no noticeable trend 
and high variability. Biogenic fluxes rise to high levels during both H1 and the YD, with the YD 
peak slightly larger than the H1 peak in both opal and organic carbon fluxes. Fluxes of both opal 
and organic carbon fall to low levels throughout the AHP before rising during the late Holocene. 
 
2.4.4 ODP 658C (21°N) 
 
The ODP 658C core provides a longer archive than the CHEETA cores and allows continued high-
resolution study of dust accumulation rates to the margin. Here we extend the record back to 67 
ka. The early portion of the record at the latter stages of MIS4 shows moderate dust fluxes to the 
margin followed by an abrupt peak (2.4 g cm-2 kyr-1) coincident with H6 (62.5 ka). This is followed 
by a decline in dust flux over 3 ka to an interval from 60-50 ka when the lowest dust fluxes (0.18 
g cm-2 kyr-1) observed in the record for this site are recorded. This low dust interval is interrupted 
by an abrupt [millennial-scale] dust increase to the highest fluxes (2.5 g cm-2 kyr-1) observed in 
the whole record centered at H5a (55 ka). A trend of increasing dustiness is then observed after 
the end of the 60-50 ka low dust interval, reaching a maximum (~2.1 g cm-2 kyr-1) at 35 to 33 ka. 
Millennial-scale variability is superimposed on this broad trend, including a peak in flux (1.8 g 
cm-2 kyr-1) coincident with H5 (48 ka). Dust fluxes decrease from the late MIS3 maximum to (~1 
g cm-2 kyr-1 at) at the end of the LGM (20 ka), with millennial-scale abrupt peaks in flux of 2 g 
cm-2 kyr-1 and 2.26 g cm-2 kyr-1, coincident with H3 (31.3 ka) and H2 (24 ka) respectively. 
Following the LGM, the remainder of the dust record from this site is a detrital flux record (Adkins 
et al., 2006), as grain size-based estimates of the eolian fraction of detrital sediments are not 
available. Detrital fluxes rise to millennial-scale peaks during Hl (1.94 g cm-2 kyr-1) and the YD 
(2.12 g cm-2 kyr-1) before decreasing to sustained low values (0.75-1 g cm-2 kyr-1) during the AHP; 
a hiatus occurs during H1, so the peak of H1 fluxes is missing in this record. Detrital fluxes increase 




Both opal and organic carbon fluxes are positively correlated with dust fluxes in core ODP 658C 
(r2 = 0.46 and 0.32, respectively). Both opal and organic carbon fluxes increase from moderate 
values at the end of MIS4 to two peaks coincident with H6 and H5a separated by an interval of 
lower fluxes, with the organic carbon showing higher amplitude rises and falls during the interval 
of lower fluxes. Biogenic fluxes variably rise and fall from H5a until ~45 ka when both opal and 
organic carbon fluxes gradually increase to a maximum at 38 to 34 ka. Both opal and organic 
carbon fluxes drop sharply at 33 ka and remain low throughout MIS2 and the LGM, with small 
peaks at MIS3 and MIS2. The opal flux record shows peaks during H1 and the YD, falls to low 
levels throughout the AHP, and rises during the late Holocene. From the end of the LGM to the 




2.5.1 Major Features of Dust Flux Records from Four Sites along the NW African Margin 
from 20-67 ka (MIS 2 through 4) 
 
This work has extended the CHEETA dust flux records to the bottom of cored material reaching 
back to 37 ka in GC37, 36.5 ka in GC49, and 26.5 ka in GC68, and produced a dust flux record 
from 67 to 19 ka for the core from ODP Hole 658C (Figure 2-3). The extended portions of the 
ODP 658C, GC37, and GC49 records overlap from 37 ka to 20 ka and demonstrate coherent 
variation on both orbital and millennial timescales. Heinrich events 2 and 3 are recorded as 
increases in dust flux superimposed on a decreasing trend of dustiness through the end of the LGM. 
The GC68 record also shows H2 recorded as a time of increased dust flux, and a decreasing trend 
of dustiness through the end of the LGM, while also showing higher frequency variability from 26 
to 20 ka with multiple abrupt peaks in dust flux. In the northern core sites (ODP 658C through 
GC37, 21°-27°N), peak dust fluxes in early MIS2 (27 to 23 ka) are similar to modern, and only in 
the southernmost core site (GC68, 19°N) are early MIS2 fluxes higher than modern (by ~50%). In 
all cores, dust fluxes drop from early MIS2 to the LGM (23 to 19 ka) by 20-40%. The strong 
agreement between dust records from 37-19 ka gives us confidence that the extended ODP 658C 




Figure 2-3. Dust (black line, open circles) and detrital (grey line, open circles) flux records 
arranged from north to south as labeled with 1σ uncertainties shown. Data <20 ka in GC37, GC49, 
and GC68 from McGee et al., (2013), data <20 ka in ODP 658C from Adkins et al., (2006). 14C 































































The ODP 658C record shows remarkable similarity to the dust flux record covering the last 70 ka 
from the Mid-Atlantic at 25°N (Middleton et al., 2018), both in overall trends and millennial-scale 
variability (Figure 2-4). Both records exhibit a background increase in dustiness throughout MIS3, 
a large decrease during the AHP, and peaks in dust flux during Greenland stadials. There are two 
distinct times of disagreement between the records, namely during the AHP through the late 
Holocene, and from 50-60 ka. The Mid-Atlantic record has an AHP which has a more gradual 
onset following the YD, and ends 2 ka later than in the ODP 658C record. From 50-60 ka the ODP 
658C record exhibits much higher variability with fluxes reaching both their maximum and 
minimum levels of the whole 67 ka record. The disagreement at the end of the AHP is most likely 
age model based, as sedimentation rates are much lower at distal open ocean locations compared 
to proximal locations situated in the vicinity of an upwelling area. From 50-60 ka a similar 
structure in dust flux is seen between the records, and therefore the disagreement in relative 
amplitude of fluxes within each core may also be a consequence of low sedimentation rates at the 
Mid-Atlantic site. Average sedimentation rates are 2 cm/ka in the Mid-Atlantic site, whereas the 
ODP 658C site has an average sedimentation rate eight times this rate at 16 cm/ka. The high 
amplitude and abrupt “W-shape” changes in dust flux are well resolved due to the high 
sedimentation rates at the ODP 658C site (Figure 2-4), whereas the amplitude of these abrupt 
changes may have been smoothed due to the much lower sedimentation rate and thus greater 
influence of mixing by bioturbation at the Mid-Atlantic site. These times of disagreement highlight 
the importance of a high sedimentation rate core site to capture the full magnitude of dust export 
changes during times of millennial-scale variability. The agreement with the Mid-Atlantic dust 
record, which lies thousands of miles downwind of African dust sources, builds confidence that 
the influence of sea-level variations is minor on the more proximal ODP 658C record. Therefore, 
the ODP 658C dust record is representative of an integrated signal of African dust export to the 
North Atlantic over the past 67 ka. 
These records provide millennial-scale reconstructions of the flux of dust to the NW African 
margin over a timescale three times longer than that of previous high-resolution work, allowing 
further comparison of these dust flux records to high- and low-latitude climate records to explore 
relationships and drivers of North African climate. We now explore the implications of our new 
dust records by comparing them with high-latitude Northern Hemisphere records, summer 




















Figure 2-4. ODP 658C dust and detrital flux (black and grey lines, respectively) and KN207-2-
GGC6 dust flux from the mid-Atlantic (Middleton et al., 2018) (pink line) records. Data <20 ka in 
ODP 658C from Adkins et al., (2006). “W-shape” structure of the dust flux record as referred to 












ODP 658 C (21°N) 
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2.5.2 Links Between High-Latitude Climate and NW African Climate During MIS 2 through 
4 
 
In previous work focusing on the past 20 ka, North African hydroclimate has been shown to 
respond sensitively to high-latitude North Atlantic stadial cooling events, with millennial-scale 
dust flux increases along the margin during H1 and the YD. We use the extended CHEETA and 
ODP 658C dust records to explore the relationship between high-latitude climate and the dust 
expression of North African hydroclimate to the NW African margin during MIS 2 through 4, a 
time of sustained Northern Hemisphere ice and cooler temperatures than in modern times. 
 
We begin by describing the broader-scale features of the records before turning to millennial-scale 
variability. At the onset of MIS 3 (around 60 ka) Northern Hemisphere temperatures increase, and 
during this time dust fluxes in ODP 658C drop to values comparable to those during the AHP (a 
direct comparison of dust fluxes is not possible because Adkins et al. (2006) reported total detrital 
fluxes, providing only an upper bound on dust fluxes). Over the next 30 ka, Northern Hemisphere 
high-latitude temperatures reflected in Greenland ice core records decrease gradually to minimum 
values between 30 and 25 ka, with multiple millennial-scale stadials superimposed on the 
background decrease (Figure 2-5). Dust fluxes over this interval show a gradual increase to 
sustained high values during MIS 2 and 3, with millennial-scale pulses of high dust flux 
superimposed on the background increase.  
 
During MIS 2 Northern Hemisphere high-latitude temperatures (Seierstad et al., 2014) gradually 
increase after 24 ka leading into the LGM time slice commonly targeted for data-model 
comparisons (19-23 ka) (e.g., Waelbroeck et al., 2009). Dust fluxes over this interval decrease 
from the high values observed at the end of MIS 3 and beginning of MIS 2; as a result, the LGM 
is characterized by North African dust deposition rates that appear roughly similar to late Holocene 
fluxes. The broad scale features of the dust records from the end of MIS4 through the end of MIS2 
show a strong correspondence over this interval between high latitude temperatures and dust fluxes 
to the margin, with lower temperatures associated with higher fluxes to the margin and higher 

























Figure 2-5. NGRIP 18O from Seierstad et al., (2014) (blue line), ODP 658C dust and detrital 
fluxes (black and grey lines, respectively), and MD01-2443,4 SST from Martrat et al., (2007) 










The high sedimentation rates and well-resolved radiocarbon-based age model for GC68 allows a 
more detailed comparison between dust flux variability and millennial-scale high latitude climate 
records over the last 26 ka. The millennial-scale features in the GC68 dust flux record associated 
with high-latitude climate fluctuations during H1, the Bølling-Allerød warm period, and the YD, 
previously described by McGee et al., (2013), show strong coherence between North Atlantic 
stadials and high fluxes of dust to the West African margin. Comparison of the earlier highly-
resolved 26.5-20 ka portion of the GC68 flux record (Figure 2-6) with a proxy record of North 
Atlantic SSTs (Cacho et al., 1999) reveals that the three cold events at 25 ka, 24 ka (H2) and 21 
ka are all associated with increases of dust flux to the margin. The amplitudes of dust flux over 
this interval do not have a clear correspondence with amplitude of SST (i.e. the largest dust flux 
peak does not occur at the time of coldest SST), which could be caused by variable bioturbation 
and smoothing of the peaks in the two records. 
 
As the GC68 cored material ends at 26.5 ka, the older material from CHEETA cores GC37 and 
GC49, and ODP Core 658C can be examined and compared over a longer time period on a 
millennial-scale with high-latitude climate records. An examination of millennial-scale dust 
variability in these three cores reveals peaks of dust flux likely associated with millennial-scale 
North Atlantic stadial events. At 60 ka there is a pronounced stadial (including Heinrich event 6) 
in the North Atlantic with an accompanying millennial-scale peak in which dust fluxes at ODP 
658C more than double. This signal of increased dust during stadials with associated Heinrich 
events is a robust response, with dust increases seen at H5a, H5, H3, and H2. The exception to this 
is H4 which occurs at a time in ODP 658C where dust is at a minimum; we suggest that this 
mismatch is due to age model error (see Appendices 2.A), and that the subsequent dust flux peak 
is a response to H4. A similar mismatch is evident in the mid-Atlantic record of Middleton et al. 
(2018). There are also stadial events (without accompanying H events) with pronounced peaks in 
flux of dust to the margin at 42 ka and 37 ka, showing that increased export of dust is observed 
during stadials both with and without H events. There are multiple instances in which stadials are 
observed in the SST record without discernible increases in dust flux (67 ka, 47 ka, 30 ka), perhaps 
due to aforementioned age model error, or increased smoothing by bioturbation during times of 


















Figure 2-6. GC68 dust flux (black line) and MD95-2043 SST from Cacho et al., (1999) (blue line) 




















Based upon the strong coherence between millennial-scale peaks in dust flux in our most robust 
record (GC68) with stadials in the North Atlantic, we suggest that the millennial-scale peaks in the 
longer dust flux records (ODP 658C, GC49, GC37) correspond to the millennial-scale stadial 
events in the North Atlantic SST records, and that any mismatches are likely due to issues with 
smoothing and age control. This conclusion, which could be strengthened by additional records 
with consistently high accumulation rates as in CHEETA core GC68, suggests that the impact of 
Heinrich events on West African climate was largely stable across varying orbital configurations 
and ice sheet extents during MIS2, 3, and 4. 
 
The dust records reveal changes to hydroclimate and atmospheric circulation over the past 67 ka, 
and can aid in building a picture of climate changes over North Africa during this interval. Murphy 
et al. (2014) suggest that in areas that are already dry and dust producing like the Sahara, the only 
way to increase dust export is through an increase in wind speed; this conclusion is supported by 
studies supporting the dominant role of winds in modern decadal variability in Saharan dust 
emissions (Ridley et al., 2014; Wang et al., 2015). Consistent with this conclusion, our records 
show strong covariation of opal and organic carbon fluxes with dust fluxes throughout most of our 
records (Figure 2-7), providing firm evidence for intensification of northeasterly winds as a driver 
of increases in both coastal upwelling and dust deposition during stadials (Bradtmiller et al., 2016; 
McGee et al., 2018). A modeling study by Liu et al. (2014) highlights the importance of these wind 
anomalies in communicating stadial conditions to the West African monsoon, demonstrating that 
anomalous northeasterly winds resulting from high-latitude cooling advect cold, dry air into North 
Africa, weakening the west African monsoonal circulation and drying the Sahel. This cold air 
advection is amplified by water vapor feedbacks, which further cool the Sahara and raise surface 
pressures, increasing northeasterly winds even more (Liu et al., 2014). Our dust and biogenic flux 
records thus provide support for Liu et al.’s ventilation mechanism as a driver of the reductions in 


































Figure 2-7. June insolation at 20°N and 65°N from Laskar et al., (2004) (dark grey solid and dark 
grey dashed lines, respectively), ODP 658C dust and detrital flux (black and light grey lines with 
open circles, respectively), MD03-2707 SSS from Weldeab et al., (2007) (purple line), and 
GeoB7920-2 Humidity Index from Tjallingii et al., (2008) (brown line) records. Data <20 ka in 
ODP 658C from Adkins et al., (2006).  
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2.5.3 Relationship Between Summer Insolation and NW African Climate During MIS 2 
through 4 
 
The impact of precessionally-paced changes in summer insolation on North African climate have 
been clearly documented in records of the last 20 ka. In NW African dust records, the response to 
the most recent ~20 kyr precessional cycle can generally be summarized as a transition from low 
summer insolation/high dust at the end of the LGM, to high summer insolation/low dust during 
the AHP (11-5 ka), to low summer insolation/high dust in the late Holocene (e.g., Adkins et al., 
2006; deMenocal et al., 2000; McGee et al., 2013; Tjallingii et al., 2008; Williams et al., 2016). 
The low dust fluxes of the AHP occur in association with diverse proxy evidence of a “Green 
Sahara” interval with much higher rainfall supporting diverse vegetation, permanent lakes, and 
human populations (Gasse, 2000; Jolly et al., 1998; Kuper & Kröpelin, 2006; McGee & 
deMenocal, 2017; Tierney et al., 2017). We use the extended CHEETA and ODP 658C dust 
records to explore the relationship between summer insolation and dust emissions during MIS 2 
through 4, allowing examination of insolation change over two additional cycles of orbital 
precession. 
 
In the new extended ODP 658C dust record extremely low dust fluxes are observed during the 
insolation maximum centered on 55 ka (Figure 2-7). The values seen in terms of detrital flux are 
even lower than those recorded during the Green Sahara interval at 11-5 ka. The expression of the 
60-50 ka low dust event differs from the AHP, however, in that it is punctuated by an abrupt 
millennial-scale increase in dust at 55 ka. Dust fluxes begin high at 60 ka (1.5 g/cm3), decrease by 
a factor of three at 58 ka (0.5 g/cm3), increase dramatically at 55 ka (2.5 g/cm3), decrease to 
minimum values again at 52 ka (0.5 g/cm3), before increasing gradually throughout the next 15 ka. 
This high dust flux event has been described above as associated with a North Atlantic stadial, an 
indication that high-latitude climate can exert a strong influence on African climate even during a 
time of high summer insolation and a strong West African monsoon.  
 
Comparison of the dust flux record at 60-50 ka with other paleoclimate archives of North African 
climate allows further probing of the structure of the Green Sahara event and how the interplay of 
high-latitude climate forcing with high summer insolation affects North African hydroclimate. The 
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“W-shape” structure observed in the ODP 658C dust record is also observed in Sea Surface 
Salinity (SSS) reconstructions in the Gulf of Guinea (Weldeab et al., 2007) and continental 
humidity reconstructions off Cape Blanc (Tjallingii et al., 2008) suggesting a wetter African 
interior. The “W-shape” structure in these records differ however from the dust record, as they 
show wetter conditions following the 55 ka stadial event, while the dust record shows equal 
magnitude dust flux minima preceding and following the stadial. The salinity and grain size 
records both show their maximum proxy values of inferred wet conditions during the 11-5 ka 
interval, while the detrital flux record of ODP 658C shows maximum values of inferred wet 
conditions during the 60-50 ka time slice comparable to that of the 11-5 ka interval. Future work 
will be required to explore the variable expression of this MIS3 Green Sahara period in different 
regions of North Africa using different proxies.   
 
Dust export to ODP 658C during the local summer insolation maximum from 28 to 35 ka has no 
discernible minimum in flux, as dust flux remains relatively high throughout this time at 1.5 g/cm3, 
unlike the dust minima seen during the previous insolation maximum/Green Sahara interval from 
60 to 50 ka, and the following insolation maximum/Green Sahara interval from 11 to 5 ka. The 
expression of this interval of insolation maximum (28-35 ka) in other records of North African 
hydroclimate is also as a time of aridity, with very high sea surface salinity (low freshwater runoff 
from North Africa) in the Gulf of Guinea (Weldeab et al., 2007) and very low humidity index (high 
ratio of eolian to fluvial sediments) in sediments near ODP 658C (Tjallingii et al., 2008). 
Skonieczny et al. (2019) similarly highlighted “skipped beats” of insolation during the last two 
glacial periods. In contrast, fluxes of Corg and opal decrease by a factor of ~2 over this time interval 
(Figure 2-7), but do not reach the minima observed in the earlier Green Sahara interval for both 
proxies, or during the AHP for opal. This discrepancy, with dust fluxes staying relatively high 
throughout the insolation maximum while biogenic proxies decrease, may reflect a decrease in 
wind strength without a substantial decrease in aridity. Alternatively, it may be that there are 
precessionally paced changes in the nutrient content of upwelled waters or effects on upwelling 
and productivity from changing shelf morphology due to sea-level lowering. 
 
The latter part of this arid interval is coincident with the coldest high latitude temperatures during 
the past 70 ka as measured in Greenland ice, and the coldest North Atlantic SSTs. The precessional 
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beat of maximum local summer insolation at 35-28 ka thus occurs during a colder interval with 
higher ice volume than the preceding and subsequent Green Sahara intervals, suggesting that high 
latitude forcing during a time of high ice volume and cold temperatures may override the impact 
of increased summer heating of North Africa on the monsoon, keeping North Africa arid. 
Alternatively, the arid interval at 35 to 28 ka could be caused by reduced heating of high-latitude 
Northern Hemisphere continents, as this precessional extreme occurs at a time of low obliquity. 
Summer insolation at 65°N remains relatively low at ~30 ka, indicating a strengthened heating 
gradient in the Northern Hemisphere during this beat of insolation, potentially causing the lack of 
monsoon strengthening and greening of the Sahara as seen during the other summer insolation 
maxima. Modeling by Singarayer et al., (2017) appears to support the first suggestion. In their 
simulations, the summer rain belt over North Africa reaches similar latitudes during the summer 
insolation maxima at ~35 ka and ~55 ka when only orbital parameters and greenhouse gases are 





Extended dust flux records from 19°N to 27°N along the West African margin show a coherent 
signal of dust export during overlapping intervals, from 37 ka to present in cores GC37, GC49, 
and ODP 658C, and additionally in core GC68 from 26 ka to present. These records show a peak 
in dust at 35-33 ka, with fluxes decreasing throughout MIS 2; these multi-millennial trends appear 
to correlate with high-latitude temperature changes indicated by Greenland ice cores, with dust 
peaking during the coldest conditions. Due to the decline in dust fluxes in MIS2, the LGM time 
slice commonly targeted in modeling experiments is marked by relatively moderate dust fluxes, 
with dust deposition similar to modern levels in most cores despite much steeper pole-to-equator 
temperature gradients.  
 
There is also coherent millennial-scale variability throughout our records. In core GC68, which 
has the highest accumulation rates and best-constrained age model in MIS2, millennial-scale dust 
peaks correspond with reductions in North Atlantic SSTs. At other sites, most stadial events—
including H2, H3, H5, H5a, and H6—correspond to periods of high dust fluxes. Due to this strong 
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coherence, we suggest that the few intervals in which high dust fluxes are not observed at the same 
time as low SSTs result from age model errors and/or bioturbation. Covariation of dust fluxes with 
fluxes of opal and organic carbon, taken here to represent coastal upwelling intensity, suggests that 
dust flux variations occur in association with (and are likely driven by) changes in northeasterly 
wind strength. This finding provides support for the role of northeasterly winds in ventilating the 
West African monsoon during stadial events, leading to the observed decreases in Sahel 
precipitation. 
 
The longer dust flux record from ODP 658C reveals a “Green Sahara” interval at 50-60 ka marked 
by low dust fluxes. This period corresponds to a time of high NH summer insolation and relatively 
warm North Atlantic SSTs, suggesting a strong West African monsoon even in the presence of 
extended ice sheets and moderate atmospheric CO2 concentrations. This interval differs from the 
AHP (11-5 ka), as there is a millennial-scale peak in dust flux during the interval that appears to 
correspond to H5a. The low latitude insolation maximum at 35 ka is a “skipped beat”, in that there 
is no record of a strengthening of the West African monsoon and decrease in dust flux during this 
time, potentially due either to an increased gradient in insolation during this time of low obliquity, 
or to the influence of cold North Atlantic temperatures and large ice sheets in counteracting the 

















2.A ODP 658C Age Model 
 
The MIS3 interval has a lower confidence age model compared to the younger portions of the 
records. During MIS3 14C-ages are infrequent and uncertainties are larger as age increases; in 
addition, the oldest portion of the ODP 658C age model is constructed from tie points to a nearby 
CaCO3 % record (Tjallingii et al., 2008) lacking fine-scale age control (Figure 2-8).  
 
2.B Grain Size Endmember Distributions 
 
The MATLAB routine developed by McGee et al. (2013) was used on grain size measurements 
on the terrigenous fraction of ODP 658C samples to determine the Weibull distributions for three 
endmembers that provided the best fit to the grain size distribution, by minimizing the root-mean-
square (RMS) deviation between the modeled and measured distributions (Figure 2-9). 
 
2.C Sedimentation Rates 
 
When probing the older ODP 658C, GC49, and GC37 records at millennial timescales lower 
sedimentation rates (Figures 2-10 and 2-11) mean core material is more susceptible to bioturbation 



























Figure 2-8. Comparison of calibrated XRF CaCO3 Wt. % (brown line) from GeoB7920-2 with 
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Figure 2-10. Age-depth plot and sedimentation rates for GC37, GC49, and GC68. 95% confidence 
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Figure 2-11. Age-depth plot and sedimentation rates for ODP 658C. 95% confidence intervals on 
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North Pacific Dust Fluxes at ODP Site 1208 (Shatsky Rise) Over the 




ODP Site 1208 is located on the Central High of Shatsky Rise in the midlatitudes of the western 
North Pacific Ocean, under the core of the Asian dust plume. We present a high resolution 230Thxs-
normalized dust flux record from the site over the last 330 ka to determine the effects of glacial-
interglacial and orbital variability on atmospheric circulation and dust export from Asian source 
areas. We observe a clear glacial-interglacial signal with dusty glacials, and low dust fluxes during 
interglacials, with evidence for a precessionally-driven insolation control overriding the glacial-
interglacial signal. This is most clear during glacial times where decreases in dust flux occur during 
maxima in June 21st insolation at 65°N, potentially driven by changes to the length of the dust 
season in East Asia, or less intense dust storms. We compare our record over the last 150 ka with 
other dust records from the western North Pacific to form a transect of 230Thxs-normalized dust 
flux records spanning 0.5-50 °N. The transect shows that glacial-interglacial variability in dust 
supply varied coherently across the whole western North Pacific, suggesting that dust transport 
mechanisms did not vary over this timescale. The equatorial record shows more muted variability 
relative the midlatitude and subarctic records on orbital timescales, suggesting a change in dust 
transport across the North Pacific which does not reach the equator. 
 
3.2 Introduction  
 
In the modern climate dust is generated from Central Asian source areas during outbreak events 
prevalent in springtime due to strong temperature gradients and lee cyclogenesis (Roe, 2009), 
lofted and entrained into the atmosphere, and exported by the Westerly Jet, predominantly in 
spring dust storm events. As climate changes the impact on dust source areas, timing of seasonal 
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transitions, and atmospheric transport dynamics alters the long-range transport of Asian dust to the 
North Pacific and beyond. Thus dust records from North Pacific sediment cores can be utilized to 
reconstruct changing emission of dust from Asian sources as climate changes on glacial-
interglacial, orbital, and millennial timescales. However dust records spanning multiple glacial-
interglacial cycles from the midlatitude North Pacific are limited to those containing dust flux 
estimates based on linear sedimentation rates (e,g,, Hovan et al., 1991), which have been shown to 
contain potential biases due to the low resolution nature of age-depth tie points that the 
sedimentation rates are based on (e.g., Skonieczny et al., 2019). 
 
We utilize sediments from ODP Site 1208 on Shatsky Rise, which is directly underneath the 
transport path of the Asian dust plume, to reconstruct 230Thxs-normalized dust fluxes to the 
midlatitude North Pacific over the last 330 ka using. With the combination of published 230Thxs-
normalized dust records we map western North Pacific dust fluxes from the equatorial to subarctic 
North Pacific to examine dust export to the North Pacific from Asia on glacial-interglacial and 
orbital timescales. 
 
3.3 Methods and Core Site  
 
3.3.1 Core Location and Age Model 
 
ODP Site 1208 was cored on ODP Leg 198 (Shipboard Scientific Party, 2002a) close to the center 
of the Central High of Shatsky Rise in the western North Pacific Ocean (36°7.630’N, 
158°12.095’E), at 3346 meters water depth (Figure 3-1).  The sampled core sections consist of a 
dark yellowish brown clay with nannofossils, followed by mainly olive gray nannofossil clay to 
clayey nannofossil ooze (Shipboard Scientific Party, 2002b).  
 
The age model for ODP Site 1208 (Figure 3-2) was developed by tuning a benthic oxygen isotope 







Figure 3-1. Map showing ODP Site 1208 in the North Pacific Ocean (red star) (36°7.630’N, 
158°12.095’E) from Zhang et al., (2016). The site is located at 3346 m water depth, close to the 

































Figure 3-2. Panel A: ODP Site 1208 benthic oxygen isotope record plotted with tie points (red 
triangles) to the LR04 stack (Lisiecki & Raymo, 2005). Panel B: Age-depth plot and sedimentation 








3.3.2 Geochemistry Methods 
 
Eolian fluxes were calculated by multiplying the eolian fraction of the sediments by the vertical 
sediment flux, which was calculated using 230Thxs-normalization (Bacon, 1984; Suman & Bacon, 
1989) (see Chapter 2.3.4). The eolian fraction of the sediments was calculated by assuming all 
232Th was sourced from eolian material with an average 232Th concentration of 14 μg/g (McGee et 
al., 2016). The samples were measured at MIT in separate runs for each isotope system (U, Th) on 
a Nu Plasma II-ES MC-ICP-MS. Each sample was bracketed by a standard in order to correct for 
mass bias drift.  
 
Uncertainties in the final eolian fluxes are reported as 1 sigma error bars and reflect confidence 
limits associated with mass spectrometric measurements, the detrital U/Th ratio, and the eolian 




A high resolution dust flux record was constructed for ODP Site 1208 spanning the last three 
glacial-interglacial cycles to 330 ka (Figure 3-3; see Appendix B for the data). Two core gaps exist 
from 229 to 221 ka, and from 120 to 60 ka, and are found at the transition depths between sediment 
cores 1208A-3H and 1208A-2H, and 1208A-2H and 1208A-1H respectively, indicating likely loss 
of core material during drilling. The dust flux record shows a general trend of dusty glacials, and 
low dust during interglacials.  
 
Dust fluxes in ODP 1208 increase from the lowest recorded value over the record of 0.1 g cm-2 
kyr-1 at MIS 9 (320 ka) to a maximum of 0.6 g cm-2 kyr-1 in the early portion of MIS 8 (280 ka). 
Fluxes decrease to 0.3 g cm-2 kyr-1at 260 ka and remain relatively low throughout MIS 7. Dust 
fluxes begin to gradually rise at 200 ka to 0.6 g cm-2 kyr-1, and then vary between 0.4-0.6 g cm-2 
kyr-1 from 195 to 135 ka, spanning most of MIS 6. Fluxes exhibit an abrupt drop to 0.25 g cm-2 
kyr-1 at the onset of MIS 5 (130 ka). Following the core gap from 120 to 60 ka, dust fluxes reach 
the highest sustained maximum values of the record of 0.7 g cm-2 kyr-1 during MIS 4, before 
dropping abruptly to 0.4 g cm-2 kyr-1 throughout MIS 3. Dust fluxes show a moderate increase at 
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the onset of MIS 2 (29 ka) to 0.6 g cm-2 kyr-1, and fall from the onset of MIS 1 throughout the 















































3.5 Discussion  
 
This work has generated the first 230Thxs-normalized dust record from the midlatitudes of the 
western Pacific Ocean at ODP Site 1208 on Shatsky Rise, situated within the heart of the Asian 
dust plume, spanning the last three glacial-interglacial cycles (330-0 ka). To assess the reliability 
of the ODP 1208 record given the significant core gaps at 229-221 ka and 120-60 ka we compared 
the dust flux record at a nearby sediment core site, V21-146, located on the Northern High of 
Shatsky Rise (37°41’N, 163°02’E) (Hovan et al., 1991). The V21-146 dust flux record is at a lower 
resolution than the ODP 1208 record, with flux measurements calculated using linear 
sedimentation rates rather than 230Thxs-normalization, but crucially displays a continuous record 
for the last 330 ka. Considering the differing methodology in calculation of the fluxes, the two 
records show remarkable agreement in the absolute values and amplitudes of change to dust fluxes 
(Figure 3-4). The records also show strong coherent agreement in the overall trends in dust flux 
they display, with dusty glacials and lower fluxes during interglacials, with some offsets in timing 
of events (e.g., the dust flux peak at 280 ka during MIS 8) likely due to uncertainties in the older 
age model of V21-146. The higher resolution record at ODP 1208 contains some features not 
present in the V21-146 record, for example during the low flux interval from 250-210 ka in the 
V21-146 record there is an orbital-scale dust flux peak from 250-240 ka in the ODP 1208 record. 
The good agreement between the ODP 1208 and V21-146 dust flux records where there are 
overlapping samples over the last 330 ka gives confidence that the ODP 1208 record can be utilized 
as a reliable midlatitude western Pacific Ocean dust flux record during this time, despite the 


























Figure 3-4. Dust flux record comparison from two sites on Shatsky Rise. V21-146 (brown line, 
open squares) is located on the Northern High of Shatsky Rise (37°41’N, 163°02’E; 3968 m water 
depth) (Hovan et al., 1991), while ODP Site 1208 (black line, open circles) is located on the Central 
High. The records show good agreement in broad trends, but differ in timing of some millennial-











Recent work in dust reconstruction utilizing 230Thxs-normalization from the western North Pacific 
has generated records from the subarctic North Pacific at ODP Site 882 (50.4°N, 167.6°E; Serno 
et al., 2017) and the equatorial North Pacific at site ML1208-17PC (0.48°N, 156.45°W; Jacobel et 
al., 2017) spanning the last 150 ka. The ODP 1208 dust flux record thus adds to this meridional 
transect with a record from the midlatitudes at 37°N, within the heart of the Asian dust plume, 
allowing for a more complete view of the history of dust export to the North Pacific over the last 
150 ka. To aid in comparison the North Pacific dust flux records from each of these three sites, 
forming a meridional transect from 50.4-0.48 °N, are plotted relative to the average dust flux over 
the length of each record as the amplitude changes in flux and absolute flux values are markedly 
different in each record (Figure 3-5). The three records show broad scale similarities in trend on 
glacial-interglacial timescales with high dust fluxes during glacials (MIS 6 and MIS 2), transitions 
to low fluxes during the last two glacial terminations at MIS 6/MIS5e (130 ka) and at MIS 2/MIS 
1 (18 ka). This implies that dust variability across the whole of the N Pacific varies coherently on 
G-IG timescales, at least over the last G-IG cycle, suggesting that dust transport mechanisms did 
not change over these timescales. However the amplitude of variability on orbital timescales varies 
across the records, with the equatorial Pacific record exhibiting muted variability over most of the 
record, except during the end of MIS 6 where the record reaches the maximum flux recorded over 
the last 150 ka, over 1.5 times the average value. In comparison both the midlatitude and subarctic 
Pacific records show a similar variation in amplitude change relative to the average value of each 
record, reaching both lower and higher relative dust flux extremes than the equatorial Pacific 
record. This may suggest a change in dust transport across the N. Pacific at orbital timescales, with 














Figure 3-5. Comparison of dust fluxes in the Western Pacific from north to south. ODP Site 882 
(light blow line, open triangles) is located in the North Pacific (50.4°N, 167.6°E; 3244 m water 
depth) (Serno et al., 2017), ODP Site 1208 (black line, open circles) is located on the Central High 
of Shatsky Rise, and ML1208-17PC (dark blue line, closed triangles) is located in the Equatorial 
Pacific (0.48°N, 156.45°W; 2926 m water depth (Jacobel et al., 2017). Each dust flux record is 











Orbital scale trends in the ODP 1208 dust flux record are also seen in the older part of the record, 
at times potentially overprinting the G-IG control on dust. This can be most clearly seen during 
the interval from 290-240 ka (Figure 6). From 280-250 ka during the core of MIS 8 dust fluxes are 
high in the early part of the glacial but decrease to a minimum at 260 ka, before increasing again 
in the late part of the glacial. The decrease in dust flux occurs at the same time as a precesionally-
driven maximum in summer (June 21st) insolation at 65°N. A similar, but more muted, response 
to insolation forcing during a glacial can be seen during the core of MIS 6 where at 155 ka at dust 
flux minimum occurs at the same time as a precesionally-driven maximum in summer (June 21st) 
insolation at 65°N. Thus there is some clear evidence for an insolation control on dust flux export 
from East Asia overriding the G-IG control, potentially related to the length of the dust season in 



























Figure 3-6. Panel A: Comparison of dust fluxes at ODP Site 1208 (black line, open circles) with 
LR04 benthic oxygen isotope stack (blue line) (Lisiecki & Raymo, 2005). Panel B: Comparison 
of dust fluxes at ODP Site 1208 (black line, open circles) with June 21 insolation at 65°N (red line) 









A new high resolution 230Thxs-normalized dust flux record from ODP Site 1208 on Shatsky Rise 
in the midlatitudes of the western North Pacific (37°N) shows good agreement with the nearby 
flux record of V21-146, providing confidence for using the site to reconstruct dust export from 
Asian source areas over the past 330 ka. The record shows a strong glacial-interglacial signal with 
dusty glacials, and low dust export during interglacials. This G-IG signal is observed in a transect 
of 230Thxs-normalized dust flux records from the western North Pacific, spanning from the 
equatorial (ML1208-17PC; 0.5°N) to the subarctic (ODP Site 882; 50.4°N) North Pacific, with 
ODP Site 1208 (37°N) forming a key spatial component of the transect in the midlatitudes at the 
heart of the Asian dust plume. Coherence of the glacial-interglacial signal of dust flux to the North 
Pacific across the whole transect over the past 150 ka suggests that dust transport mechanisms did 
not change over these timescales. However on orbital timescales the equatorial record shows more 
muted variability relative the midlatitude and subarctic sites, suggesting a change in dust transport 
across the North Pacific which does not reach the equator. Close inspection of the G-IG variability 
over the full 330 ka record at ODP 1208 shows intervals where an insolation control on dust flux 
export from East Asia overrides the G-IG control. This is particularly pronounced during glacial 
times (MIS 8 and MIS 6), when decreases in dust flux occur at the same time as precesionally-
driven increases in summer (June 21st) insolation at 65°N, potentially driven by changes to the 
















Eolian Dust Provenance Changes Recorded in Japan Sea Sediments 





Dynamics of the Westerly Jet in the Asian interior—specifically changes to the seasonal 
meridional position of the Westerly Jet relative to the Tibetan Plateau—have been hypothesized 
to drive hydroclimate change in the East Asian Monsoon on millennial- to orbital-timescales. 
Reconstruction of Westerly Jet behavior, by using radiogenic isotopes to fingerprint the changing 
source region of dust using downwind sediment archives, and comparison with complementary 
records reflecting East Asian Monsoon intensity and extent may allow the examination of Westerly 
Jet mean state and variability, and its coupling with the East Asian Monsoon. Here, we present 
records spanning the last 200 ka of the lead, neodymium, and strontium isotopic composition of 
isolated eolian material from IODP Site U1430 (Sea of Japan) to validate the feasibility of this 
approach, and lay a foundation for future work examining millennial- and orbital-scale variability 
of Westerly Jet behavior, and the impact these dynamics have on East Asian hydroclimate. 
 
Comparison of the lead, neodymium, and strontium isotopic data from U1430 with the 
composition of potential source regions reveals that the 143Nd/144Nd signal is the most robust out 
of these radiogenic isotope systems for fingerprinting the provenance of eolian material at the core 
site. The 143Nd/144Nd composition shows resolvable orbital-scale variability from 200 to 100 ka, 
with muted variability from 100 to 0 ka. The orbital-scale variability shows a coherent signal of a 
positive shift in neodymium values (higher proportion of eolian material sourced from north of 
42°N) with high summer insolation at 65°N and a strong Asian monsoon, and a negative shift in 
neodymium values (lower proportion of eolian material sourced from north of 42°N) with low 
summer insolation at 65°N and a weak Asian monsoon. This finding implies a quicker shift of the 
66 
 
Westerly Jet to the north of the Tibetan Plateau during times of a strong Asian monsoon, offering 
support for Chiang et al.'s (2015) Jet-Transition Hypothesis. The neodymium provenance record 
also reveals the absence of a clear glacial-interglacial signal in the seasonal position of the 
Westerly Jet. 
 
4.2 Introduction  
 
The East Asian Summer Monsoon (EASM) rains provide freshwater to about a quarter of the 
world’s population, vital for agriculture and for human use. The dynamics that control the EASM 
are poorly understood in modern climatology, meaning that the future of this resource is hard to 
constrain under climate change scenarios, which is vital to planning efforts. Recent work has aimed 
to develop a better understanding of the large scale structure of the rainfall regime over East Asia 
and the driving forces behind year to year variation over the past 50 years in the EASM. It has 
been shown that East Asian hydroclimate is intimately linked to the Westerly Jet (WJ), the 
subtropical jet stream over East Asia (e.g., Molnar et al., 2010), and its position relative to the 
Tibetan Plateau (e.g., Schiemann et al., 2009). Occurrences of the WJ, identified as local maxima 
in latitude–pressure cross sections of the horizontal wind field (Schiemann et al., 2009), to the 
south of the plateau are associated with light persistent rains in south China during spring. As the 
jet transitions to the north of the plateau occurrences are associated with development of a strong 
convective rainfall front (the Meiyu-Baiyu) which moves northward through late spring into 
central China. At the onset of summer, the jet occurrences shift far to the north of the plateau, and 
this is associated with dispersement of the Meiyu-Baiyu front and transition to lighter rains to the 
north of China (Chiang et al., 2015; Schiemann et al., 2009).  
 
Association of the meridional WJ position and East Asian rainfall in modern day climatology has 
led to the development of a framework to explain changes to rainfall on paleoclimate time scales, 
as driven by seasonal changes to the WJ. This was presented by Chiang et al. (2015), building on 
the work of Nagashima and colleagues (2011; 2013) as the “Jet Transition Hypothesis”, stating 
that “changes to the seasonal meridional position of the westerlies relative to the Tibetan Plateau 
drive rainfall climate changes over East Asia on paleoclimate timescales” (Figure 4-1, Panel A). 
The aim of this hypothesis was to posit a mechanism for explaining changes to Asian rainfall over 
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paleoclimate time scales, but inherently also makes predictions for WJ behavior with changing 
climate. For example, the hypothesis would predict that at times of high (low) northern hemisphere 
summer insolation (due to precessional changes) the WJ will move more (less) quickly in the 
season to a position far to the north of the Tibetan Plateau, thus reducing (increasing) spring rains 
in south and central China, and increasing (decreasing) rains in the north of China (Figure 4-1, 
Panel B).  
 
Speleothem archives have been utilized to reconstruct rainfall over eastern China due to their 
ability to record proxies of rainfall (e.g., calcite δ18O) with high precision age constraints utilizing 
U-Th dating over the past >500 ka (e.g., Wang et al., 2008). These records show strong precession 
control on Asian rainfall with no strong glacial-interglacial (G-IG) signal observed (Cheng et al., 
2016). Less is known about WJ behavior over the same time interval, in part due to the fact that 
changes in winds leave a less clearly observable rock record to study. North Pacific records of dust 
accumulation rates, taken to be generally representative of export of Asian dust, over the past >500 
ka have conversely shown a G-IG signal with low dust in interglacial times, and dusty glacials 
(Hovan et al., 1989; Winckler et al., 2008). Nagashima et al. (2007, 2011, 2013) have used the 
electron spin resonance (ESR) intensity and the crystallinity index (CI) of quartz as provenance 
indicators in an attempt to hone in on changes to transport pathways of Asian dust to the Sea of 
Japan, and interpret records of the past 140 ka (with a focus on the Holocene and millennial-scale 
change in MIS3) as mainly representative of changes in the contribution of Taklimakan Desert vs. 
Gobi Desert sourced material. They interpret this to show that, for example, northward shifts of 
the WJ during late summer occurred during interstadials (Nagashima et al., 2011). Targeted work 
to increase our understanding of spatial changes to the WJ pathway and seasonal movement over 
time through expansion of proxy development in this region is key to resolving differences in the 
nature of the response of rainfall and the WJ to external forcing, and testing the predictions made 
by the WJ hypothesis. 
 
The sedimentary record of the Sea of Japan provides a high resolution archive of Asian dust, with 
the potential for reconstructing WJ behavior (Irino & Tada, 2003; Nagashima et al., 2007). We 
wish to explore WJ behavior using other proxy records from the Sea of Japan, namely radiogenic 
isotopes which are well tested for provenance fingerprinting, and push these records back further 
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in time to expand the record of WJ behavior over longer cycles of orbital scale climate variability. 
Chinese deserts and sandy lands have different Pb-Nd-Sr isotopic compositions dependent on the 
lithology and age of the country rocks from which their sediments are derived (e.g., Chen et al., 
2007; Li, 2007), allowing for the potential use of these radiogenic isotope systems to be applied 
on a sediment archive downwind of these source areas to distinguish different isotopic mixing 
ratios through time indicating changes to the seasonal position of the WJ. Site U1430 located in 
the central western part of the Sea of Japan was cored by Integrated Ocean Drilling Program 
(IODP) Expedition 346 in 2013, providing prime material for testing the efficacy of radiogenic 
isotopes as a proxy for tracing WJ behavior (Tada et al., 2013). Recent work on U1430 has shown 
that the silicate component of the sediment over the past is windblown dust from Chinese deserts, 
with a minor component (6-7 %) of material from Korea over the Plio-Pleistocene, with no 
discernible volcanic input or material sourced from the Japanese islands (Anderson et al., 2019), 
which makes it a good site for attempting to reconstruct Asian dust provenance. Limited radiogenic 
isotope work (Pb-Nd-Sr) has been carried out on the clay fraction (<2 micron) of 7 samples of 
U1430 sediments over the Plio-Pleistocene (Shen et al., 2017), with targeted analysis of the Nd-
Sr data interpreted by the authors as showing mixing of a major component (Asian eolian dust) 
and minor component (fluvial input from Japan). This work shows the promise of utilizing 
radiogenic isotopes on this core site for reconstructing provenance change from Asian dust source 
areas, while highlighting a potential issue in the clay fraction as it contains a minor component of 
Japan-sourced material. We make Pb, Nd, and Sr isotopic measurements on the leached (to remove 
carbonate, organics, and Fe-Mn oxyhydroxides) and grain size separated (2-16 micron) fraction of 
28 downcore sediment samples from U1430 spanning the last 200 ka. Focused interpretation is 
paid to the Nd data as it shows the clearest resolvable provenance signal, which we use to test 






















Figure 4-1.  Panel A: Idealized map of the “normal” East Asian seasonal cycle. In spring the WJ 
lies to the south of the Tibetan Plateau (blue dashed line), associated with light persistent rains in 
south China. As the jet transitions in late spring to the north of the plateau (orange dashed line) 
development of a strong convective rainfall front (the Meiyu-Baiyu; black line) moves northward 
into central China (orange arrow). At the onset of summer, the WJ shifts far to the north of the 
plateau (red dashed line), associated with dispersement of the Meiyu-Baiyu front (red arrow) and 
transition to lighter rains to the north of China. Panel B: Idealized schematic of the “normal” East 
Asian seasonal cycle relative to rainfall/jet transitions (black line). The WJ hypothesis posits a 
mechanism for explaining changes to Asian rainfall over paleoclimate time scales, but inherently 
also makes predictions for WJ behavior. For example, the hypothesis would predict that at times 
of high northern hemisphere summer insolation (due to precessional changes) that the WJ will 
move more quickly in the season to a position far to the north of the Tibetan Plateau, thus reducing 
spring rains in south and central China, and increasing rains in the north of China (Scenario A; red 





4.3 Methods and Core Site  
 
4.3.1 Core Location and Age Model 
 
Site U1430 was cored as part of IODP Expedition 346 (Tada et al., 2013) in the Ulleung Basin of 
the Sea of Japan (37°54.16’N, 131°32.25’E), at 1072 meters water depth (Figure 4-2). The material 
at this core site over the past 4 Ma is sourced predominantly from Asian deserts as windblown 
detritus, with a minor component from Korean rivers (Anderson et al., 2019).  
 
The age model for U1430 (Figure 4-2) over the last 1.45 Ma is based on visual correlation of 
marker dark layers in the sediment with corresponding marker dark layers at IODP Site U1424 in 
the eastern Sea of Japan (Figure 4-3) (Irino et al., 2018; Tada et al., 2015), which has an existing 
age model. The U1424 age model (Tada et al., 2018) is based on tephra-chronology and 
magnetostratigraphy, further tuned by correlation of the gamma ray attenuation (GRA) and natural 
gamma radiation (NGR) profiles to the LR04 benthic δ18O stack profile (Lisiecki & Raymo, 2005) 






























Figure 4-2. Map showing U1430 core site in the Ulleung Basin of the Sea of Japan (37°54.16’N, 
131°32.25’E), at 1072 meters water depth (red dot), and potential Asian desert source areas for  













































Figure 4-4. IODP Site U1424 and U1430 calculated L* (Tomohisa Irino et al., 2018). Marker dark 
layers from Site U1424 are assigned ages and then correlated to marker dark layers at Site U1430 
(shown as black lines), and thus a projected age can be assigned to the dark layers at Site U1430 
























Figure 4-5. IODP Site U1424 NGR and GRA (Tomohisa Irino et al., 2018), plotted with LR04 
stack (Lisiecki & Raymo, 2005). Age model for U1424 is constructed by tuning to LR04 and 









4.3.2 Geochemistry Methods 
 
4.3.2.1 Labwork Procedure 
 
Protocols for isolation and measurement of Pb, Nd, and Sr isotopes from ocean sediment samples 
were set up in the McGee Lab to apply to samples from U1430. The procedure for the measurement 
of these radiogenic isotopes was designed as a combined procedure whereby a sediment sample 
was leached, grain-size separated, dissolved, and put through a series of columns in sequence, to 
isolate and purify Pb, Nd, and Sr respectively, for mass spectrometry measurement (Figure 4-6, 
Panel A). This stepwise procedure means that each sample only needs to be dissolved once, and 
minimizes the mass of sample needed to measure the isotopes of all three elements. The labwork 
was carried out in a laminar flow hood in the outer room of the McGee Lab. Full procedural blank 
measurements were made using clean 2% nitric acid to verify that we can make low blank, and 
thus uncontaminated and primary signal, measurements. The full procedural total lead blank was 
222 pg, total neodymium blank was 112 pg, and total strontium blank was 122 pg.  
 
In order to confirm that the column chemistry and mass spectrometry protocols were giving precise 
and accurate data for comparison with other records, two geostandards (BCR-2 and MAG-1) 
which have published values for Pb, Nd, and Sr were taken through the procedure and treated as 
unknown samples. Measurement of BCR-2 gave 208Pb/204Pb = 38.6507, 143Nd/144Nd = 0.512658, 
and 87Sr/86Sr = 0.705491. Accepted values for BCR-2 are 208Pb/204Pb = 38.691 (Woodhead & 
Hergt, 2000), 143Nd/144Nd = 0.512633 (Raczek et al., 2003), and 87Sr/86Sr = 0.704958 (Raczek et 
al., 2003). Measurement of MAG-1 gave 208Pb/204Pb = 38.7650, 143Nd/144Nd = 0.512110, and 
87Sr/86Sr = 0.723428. Accepted values for BCR-2 are 208Pb/204Pb = 38.792 (Nath et al., 
2009),143Nd/144Nd = 0.512046 (Nath et al., 2009), and 87Sr/86Sr = 0.722739 (Nath et al., 2009). It 
can be seen that our measurements are close to within uncertainty of the published geostandards 



































Figure 4-6. Panel A: Flowchart of full lab procedure, taking sample from initial starting material 
from sediment core through to analyzed lead, neodymium, and strontium isotopic data. Panel B: 
Details of the column chemistry procedure for the lead, neodymium, and strontium separation step.  
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4.3.2.2 Initial sample preparation and leaching 
 
Sediment samples of U1430 core material were frozen overnight in their sample bags from the 
IODP Kochi Core Center, Japan, and freeze-dried for 24 hours to remove water. One gram of 
sample was weighed into a 50 ml c-tube and 20 ml of MQ was added and placed on a shaker table 
for 24 hours, at an angle to minimize sediment settling, to disaggregate the sediment. The sample 
was poured onto a 63 μm sieve, with a 250 ml Pyrex beaker underneath to catch the MQ and <63 
μm sediment particles below. MQ was sprayed with a spray bottle over the remaining material on 
the sieve, and lightly brushed with a fine paint brush to disaggregate any remaining sediment. This 
process is continued until only clear MQ is dripping into the glass beaker from the sieve, indicating 
that there is no more <63 μm sediment getting through the sieve. The >63 μm sediment fraction 
on the sieve was dried at 60°C in an oven and swept off the sieve using a soft bristled brush into a 
2 ml glass vial for archival purposes. The <63 μm sediment fraction in MQ was poured back into 
the 50 ml c-tube it was originally in, and centrifuged at 5000 rpm for 10 minutes. A 5 ml pipette 
was used to decant the MQ, being very careful not to disturb the sediment at the bottom of the 
tube. This process was repeated, rinsing the 250 ml beaker with a spray bottle of MQ until all of 
the sediment was back in the c-tube. The c-tube of sediment (<63 μm fraction) was then frozen 
overnight and freeze-dried for 24 hours, and subsequently weighed by pouring the sediment out 
onto weighing paper. The sample was put back into the c-tube ready for chemical leaching. 
 
Chemical leaching was carried out on the <63 μm fraction of the sediment samples in order to 
remove material that could contaminate the terrestrial material with Pb, Nd, and Sr isotopes from 
marine sources. The material targeted for removal was carbonate, organic matter, and Fe-Mn oxide 
coatings, following adapted methods from Bayon et al. (2002; 2015).  
 
25 ml of 5 % acetic acid was added to the sample, which was then put overnight lightly capped on 
a shaking table, at an angle to minimize sediment settling, to dissolve the calcium carbonate in the 
sediment. The c-tube was then sealed and centrifuged at 5000 rpm for 10 minutes and the acetic 
acid supernatant decanted carefully using a 5ml pipette to waste. 25 ml of MQ was added to the 
tube, mixed using a vortex mixer to ensure all sediment was mixed into the MQ after it had been 
compacted by centrifugation, and centrifuged for 10 minutes at 5000 rpm, and the supernatant 
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carefully decanted using a 5ml pipette. This process was repeated another 2 times so that in total 
the sample was rinsed 3 times with MQ. 
 
25 ml of 5 % hydrogen peroxide was added to the sample, which was then put overnight loosely 
capped on a shaking table, at an angle to minimize sediment settling, to dissolve the organic matter 
in the sediment. The c-tube was then sealed and centrifuged at 5000 rpm for 10 minutes and the 
hydrogen peroxide supernatant decanted carefully using a 5 ml pipette to waste. 25 ml of MQ was 
added to the tube, mixed using a vortex mixer to ensure all sediment was mixed into the MQ after 
it had been compacted by centrifugation, and centrifuged for 10 minutes at 5000 rpm, and the 
supernatant carefully decanted using a 5ml pipette. This process was repeated another 2 times so 
that in total the sample is rinsed 3 times with MQ. 
 
25 ml of 0.05 M hydroxylamine hydrochloride in 15% acetic acid was added to the sample, which 
was then put overnight loosely capped on a shaking table, at an angle to minimize sediment 
settling, to dissolve the Fe-Mn oxide coatings in the sediment. The c-tube was then sealed and 
centrifuged at 5000 rpm for 10 minutes and the hydroxylamine hydrochloride in acetic acid 
supernatant decanted carefully using a 5 ml pipette to waste. 25 ml of MQ was added to the tube, 
mixed using a vortex mixer to ensure all sediment was mixed into the MQ after it had been 
compacted by centrifugation, and centrifuged for 10 minutes at 5000 rpm, and the supernatant 
carefully decanted using a 5ml pipette. This process was repeated another 2 times so that in total 
the sample is rinsed 3 times with MQ. 
 
The c-tube was then frozen overnight and freeze-dried for 24 hours, and the sample weighed by 
pouring the sediment onto weighing paper. 
 
4.3.2.3 Grain Size Separation 
 
Grain size separation was carried out on the <63 μm fraction of the leached sediment samples in 
order to isolate a specific grain size fraction of the sediments. The leaching protocol removed 
material from marine sources leaving only terrestrial material, however this may be a mixture of 
eolian dust, shelf-derived sediments, and volcanic material. The grain size distribution of eolian 
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dust fall sampled in Japan has a range of 4-16 μm (Nagashima et al., 2007). Sediment with a 
smaller grain size than this range can be windblown but is also likely to be shelf-derived or from 
riverine input. Sediment with a larger grain size than this is likely to be of volcanic origin. Thus 
we decided to nominally target the 2-16 μm fraction of the sediment to remove the clays and coarse 
silts. Removal of the >16 μm fraction was achieved through settling, while the method used for 
removing the clays follows the procedure of Bayon et al. (2015). 
 
The sample was put back into the c-tube and 25 ml of MQ was added and vortexed to mix the 
sediment with the MQ again and ensure it was well disaggregated. The sample was poured into a 
100 ml graduated cylinder, and the tube was rinsed with MQ into the cylinder until all of the 
sample was transferred to the cylinder. The cylinder was filled up to the 100 ml mark with MQ, 
sealed with Parafilm, sonicated for 5 minutes to aid sediment disaggregation, and shaken and 
inverted to mix the sediment-MQ mixture thoroughly. The cylinder was then placed upright and a 
timer started to measure 4 minutes and 29 seconds of settling time. This was calculated from 
Stoke’s law (Hathaway, 1956) as the time that it would take a spherical particle that is >16 μm in 
diameter to settle 6 cm from the top of the graduated cylinder. At the elapsed time, the sediment-
MQ mixture that is within the top 6 cm of the graduated cylinder (in the specific graduated cylinder 
used in this study this equates to 20 ml of mixture) was rapidly removed via pipetting into a new 
clean c-tube. This mixture contains only particles that are <16 μm as all larger particles settle by 
gravity in the mixture to below the 6 cm line. However, as the sediment is thoroughly mixed with 
the MQ it means that finer-grained particles (<16 μm) will already have been in the lower part 
(below 6 cm from the top) of the cylinder prior to the settling wait time. Thus the process was 
repeated multiple times until the top 6 cm of sediment-MQ mixture that was being removed was 
clear, meaning that there was no sediment left in the graduated cylinder that was <16 μm. The <16 
μm c-tube was centrifuged at 5000 rpm for 10 minutes and all MQ decanted via pipette after each 
addition of sediment-MQ mixture after settling. Once the top 6 cm of mixture removed was clear 
the <16 μm c-tube was taken to the clay (< 2 μm) removal step. The >16 μm sediment fraction 
remaining in the graduated cylinder was poured into the original c-tube and centrifuged for 10 
minutes at 5000 rpm and the MQ was decanted. The >16 μm fraction was transferred to a Whirlpak 




The <16 μm fraction was taken through a clay removal process, to separate the particles <2 μm in 
diameter from the remaining grain size fraction, according to the methods of Bayon et al., (2015), 
who calculated time and angular velocities required to separate clays using a formula derived from 
Stoke’s law (Hathaway, 1956). 25 ml MQ was added to the c-tube with the <16 μm fraction, shaken 
vigorously and sonicated, and centrifuged at 1000 rpm for 2 minutes (133 g). The supernatant 
containing clays was decanted using a 5 ml pipette into a new 50 ml c-tube for the <2 μm fraction. 
Another 25 ml of MQ was added to the c-tube containing the <16 μm fraction, shaken vigorously 
and sonicated, and centrifuged for 2.5 minutes at 800 rpm (85 g). The supernatant containing clays 
was decanted using a 5 ml pipette into the <2 μm c-tube. The fine silt fraction (2-16 μm) was 
centrifuged for 10 minutes at 5000 rpm and the MQ was decanted. This fraction was transferred 
to a Whirlpak after being frozen, freeze-dried, and weighed, and taken on to the dissolution step. 
The clay (<2 μm) fraction of sediment was centrifuged for 10 minutes at 5000 rpm and the MQ 
was decanted, before the sample was frozen, freeze-dried, and weighed, prior to archival in a 
Whirlpak. 
 
4.3.2.4 Sediment Dissolution 
 
Following the leach and grain size separation steps, the 2-16 μm leached sediment sample was 
taken through the dissolution procedure in preparation for column chemistry. 500 μl of MQ was 
pipetted into a clean Savillex PFA beaker, and the beaker was tared on a scale. Sample was scooped 
with a compressed-air cleaned metal spatula and 20 mg were poured directly into the beaker on 
the scale. 500 μl of concentrated clean nitric acid was pipetted into the beaker, making sure to rinse 
down the sides to ensure all sediment was in the acid solution. The sample was dried down on a 
hotplate at 150 °C. 1 ml of concentrated clean nitric acid and 500 μl of concentrated clean 
hydrochloric acid were pipetted into the beaker to form reverse aqua regia, and the beaker was 
capped and set aside for 1 hour to react. 500 μl of concentrated clean hydrofluoric acid was added 
to the beaker, and the beaker was capped and refluxed on a hotplate at 95 °C for 24 hours to 
dissolve silicate matter. The beaker was taken off the hotplate to cool, and placed in an ultrasonic 
bath to be sonicated for 1 hour to aid in sediment digestion. A dropper bottle was used to add 500 
μl (16 drops) of clean concentrated hydrogen peroxide drop by drop. Samples were left uncapped 
until they stop reacting. The beakers were tightly sealed and refluxed for 6 hours at 95 °C. Beakers 
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were uncapped, and a pipette with MQ was used to rinse down the inside of the beakers to ensure 
all solution was at the bottom of the beaker. The beaker was put on the hotplate at 150 °C uncapped 
to dry down the sample to incipient dryness. 500 μl of clean concentrated nitric acid was added 
with a pipette to each sample, and the sample was again dried down to incipient dryness at 150 °C. 
500 μl of clean concentrated nitric acid was added with a pipette to each sample followed by 500 
μl (16 drops) of clean concentrated hydrogen peroxide drop by drop, and the sample was again 
dried down to incipient dryness at 95 °C. A dropper bottle was used to add 30 drops (1 ml) of clean 
concentrated hydrobromic acid to each sample, and dried down at 150 °C. 15 drops (0.5 ml) of 0.7 
N clean hydrobromic acid was added to each sample and beakers were sealed and refluxed 
overnight at 95 °C. The supernatant solution was then transferred via pipette to the lead column 
chemistry.  
 
4.3.2.5 Column Chemistry 
 
The samples were successively taken through 4 sets of column chemistry protocol (Figure 4-6, 
Panel B) to isolate Pb, Nd, and Sr for mass spectrometry. The column chemistry methods for the 
separation of the Pb, REE, and Sr aliquots were set up using methods from Brown University 
(Soumen Mallick), MIT (Bowring Lab), and the Isotope Geology Laboratory, Boise State 
University. The column chemistry methods for the separation of the Nd aliquot were set up with 
help from Charlotte Skonieczny.  
 
The stepwise procedure used a first column chemistry method (Table 4-1) to isolate the Pb aliquot 
from the sample, while the non-Pb aliquot from the column still contained the Nd and Sr. A second 
pass of the first column chemistry method purified the Pb aliquot, ready for mass spectrometric 
measurement. The Pb cut from the first column is dried down at 150 °C, dissolved in 30 drops of 
concentrated hydrobromic acid, dried down at 95 °C, dissolved in 15 drops of 0.7N hydrobromic 
acid, and beakers were sealed and refluxed overnight at 95 °C. At this point samples were checked 
for any black solids, and if present the sample was transferred via pipette to a clean 2 ml c-tube 
and centrifuged to drive the solids to the bottom of the tube. The supernatant solution was then 
transferred via pipette to the second pass of the lead column chemistry. A second column chemistry 
method (Table 4-2) applied to the aliquot containing Nd and Sr isolated the REE aliquot 
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(containing Nd), while the non-REE aliquot contained the Sr. A third column chemistry method 
(Table 4-3) applied to the REE aliquot isolated and purified the Nd, ready for mass spectrometric 
measurement. A fourth column chemistry method (Table 4-4) applied to the non-REE aliquot 
isolated and purified the Sr, ready for mass spectrometric measurement. To prepare an aliquot for 
mass spectrometry for all elements the sample beaker was taken from the final column elution 
step, dried down at 95 °C to incipient dryness, 1 ml of concentrated clean nitric was added by 
dropper bottle, dried down at 95 °C to incipient dryness, 1 ml of 2% clean nitric acid was added, 
the sample was refluxed at 95 °C for 2 hours, cooled, then transferred into a clean 2 ml c-tube and 

























Step Description Volume (μl) Acid Element Elution 
Cleaning  1000  Milli-Q   
Cleaning  1000  6 N HCl   
Cleaning  1000  6 N HCl   
Cleaning  500  Milli-Q   
Conditioning 500  0.7N HBr   
Load sample 500  0.7N HBr Collect Sr and REE 
Elute 500  0.7N HBr Collect Sr and REE 
Elute 500  0.7N HBr Collect Sr and REE 
Rinse 300  2N HCL Discard 
Elute 1000  6N HCL Collect Pb 
 
Table 4-1. First column chemistry for lead separation. The process uses AG1-X8, 100-200 mesh, 
resin to separate lead from the other elements in the sample, as lead has an affinity for the resin 
under weak hydrobromic acid conditions while other elements pass over the column, and is eluted 
from the resin with hydrochloric acid. This column procedure is set up on a “lazy susan” to enable 
16 columns at a time to be processed at once. The column volume is 100 μl, and is constructed 
from 3/8” 4:1 shrink teflon (PTFE). The columns are inserted into white plastic holders in order 
















Step Description Volume (μl) Acid Element Elution 
Cleaning  1000 1 N HCl   
Conditioning 500 1N HNO3   
Load sample 500 1N HNO3 Collect Rb, Sr 
Elute 250 1N HNO3 Collect Rb, Sr 
Elute 250 1N HNO3 Collect Rb, Sr 
Elute  250 1N HCL Collect REE 
Elute 250 1N HCL Collect REE 
 
Table 4-2. Second column chemistry for separation of the REE and strontium. The process uses 
TR-B25A, 100-150 micron mesh, resin to separate the REEs from the other elements in the sample, 
as the REEs have an affinity for the resin under weak nitric acid conditions while other elements 
pass over the column, and are eluted from the resin with hydrochloric acid.  This column procedure 
is set up on a “lazy susan” to enable 16 columns at a time to be processed at once. The column 
volume is 100 μl, and is constructed from 3/8” 4:1 shrink teflon (PTFE). The columns are inserted 


















Step Description Volume (μl) Acid Element Elution 
Cleaning  1000  6N HCl   
Conditioning 500  0.25N HCl   
Conditioning 500  0.25N HCl   
Load sample 100  0.25N HCl Discard  
Rinse 100  0.25N HCl Discard  
Rinse 100  0.25N HCl Discard  
Elute 800  0.25N HCl Collect Nd 
 
Table 4-3. Third column chemistry for neodymium separation. The process uses Ln-B25S, 50-
100 micron mesh, resin to separate neodymium from the other REE in the sample. All REE have 
a weak affinity for the resin under weak hydrochloric acid, and as it is sequentially added to the 
column the REE are eluted in order of increasing mass, with the lighter REE eluting from the 
column first. This column procedure is set up using two column racks that enable 20 columns at a 
time to be processed at once in a single line. The column volume is 900 μl, and is constructed from 


















Step Description Volume (μl) Acid Element Elution 
Cleaning  1000  Milli-Q   
Cleaning  1000 Milli-Q   
Conditioning 500  3N HNO3   
Load sample 500  3N HNO3 Discard  
Rinse 200  3N HNO3 Discard  
Rinse 200  3N HNO3 Discard  
Rinse 200  3N HNO3 Discard  
Elute 1000  Milli-Q Collect Sr 
 
Table 4-4. Fourth column chemistry for strontium separation. The process uses TR-B25A, 100-
150 micron mesh, resin to separate strontium from the other elements in the sample, as strontium 
has an affinity for the resin under weak nitric acid conditions while other elements pass over the 
column, and is eluted from the resin with MQ. This column procedure is set up on a “lazy susan” 
to enable 16 columns at a time to be processed at once. The column volume is 100 μl, and is 
constructed from 3/8” 4:1 shrink teflon (PTFE). The columns are inserted into white plastic holders 


















4.3.2.6 Mass Spectrometry 
 
The samples were measured at MIT in separate batches for each isotope system (Pb, Nd, and Sr) 
on a Nu Plasma II-ES MC-ICP-MS with an Aridus II Desolvating Nebulizer System utilizing a C-
Flow PFA microconcentric nebulizer (100 μl/min.). Each sample was bracketed by a standard in 
order to correct for mass bias drift.  
 
The methods created for measurement of lead were termed “Pb_Tl_Hg-IC2”, and used the cup 
configuration shown in Table 4-5. This was carried out with mass separation of 1. All isotopes 
were measured on Faraday cups, except 202Hg which was measured on an ion counter due to the 
very low signal. Prior to measurement for lead isotopic composition the samples were sipped by 
taking up the sample for 15 seconds until a stable lead signal was obtained in order to estimate the 
lead concentration. This was used to calculate how much of a spike solution created using a BDH 
Thallium ICP standard to dope each sample with to attain a (total Pb):(total Tl) ratio of 5:1. This 
was used to internally correct for mass bias using an exponential law with a 203Tl/205Tl = 0.418922. 
The isobaric interference of 204Hg (which is found in the argon gas) on 204Pb was corrected for by 
measuring the 202Hg signal and calculating the contribution of 204Hg using the natural abundance 
ratio of 204Hg/202Hg = 0.229. Samples were analyzed for 10 measurements of 2 second integration 
time, with a blank measurement made in 2% nitric acid removed during data processing.  
 
Repeated measurements of 50 ng/g Pb standard NIST SRM 981 yield an average of 206Pb/204Pb = 
16.9341 ± 13, 207Pb/204Pb = 15.4877 ± 12, 208Pb/204Pb = 36.6862 ± 26 (2σ, n = 14). Accepted values 
for NIST SRM 981 are 206Pb/204Pb = 16.9356, 207Pb/204Pb = 15.4891, 208Pb/204Pb = 36.7006 (Todt 
et al., 1996).  
 
 
Table 4-5. Detector configuration for lead mass spectrometry.  
 
Detector H6 H5 H4 H3 H2 H1 Ax L1 L2 L3 L4 IC2 L5 
Isotope      208Pb 207Pb 206Pb 205Tl 204Pb 203Tl 202Hg  
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The methods created for measurement of neodymium were termed “Nd_Ce_Sm”, and used the 
cup configuration shown in Table 4-6. This was carried out with mass separation of 1. All isotopes 
were measured on Faraday cups. The 146Nd/144Nd = 0.7219 natural abundance ratio was used to 
internally correct for mass bias using an exponential law. The isobaric interferences of 142Ce on 
142Nd and 144Sm on 144Nd were monitored by measuring the 140Ce and 147Sm signals respectively. 
Samples were analyzed for 10 measurements of 2 second integration time, with a blank 
measurement made in 2% nitric acid removed during data processing.  
 
Repeated measurements of 50 ng/g Nd standard JNd-i yield an average of 143Nd/144Nd = 0.512125 
± 19 (2σ, n = 33). The accepted value for JNd-i is 143Nd/144Nd = 0.512115 (Tanaka et al., 2000).  
 
 
Table 4-6. Detector configuration for neodymium mass spectrometry.  
 
The methods created for measurement of strontium were termed “Sr H4_samp”, and used the cup 
configuration shown in Table 4-7. This was carried out with mass separation of 0.5. All isotopes 
were measured on Faraday cups. The 86Sr/88Sr = 0.1194 natural abundance ratio was used to 
internally correct for mass bias using an exponential law. The isobaric interference of any 
remaining 87Rb on 87Sr was corrected for by measuring the 85Rb signal and calculating the 
contribution of 87Rb using the natural abundance ratio of 87Rb/85Rb = 0.3857. The isobaric 
interference of 86Kr (which is found in the argon gas) on 86Sr was monitored by measuring the 83Kr 
signal. Samples were analyzed for 10 measurements of 2 second integration time, with a blank 
measurement made in 2% nitric acid removed during data processing.  
 
Repeated measurements of 50 ng/g Sr standard NIST SRM 987 yield an average of 87Sr/86Sr = 
0.710295 ± 67 (2σ, n = 22). The accepted value for NIST SRM 987 87Sr/86Sr = 0.710248 
(McArthur et al., 2002). 
 
Detector H6 H5 H4 H3 H2 H1 Ax L1 L2 L3 L4 IC2 L5 




Table 4-7. Detector configuration for strontium mass spectrometry.  
 
Uncertainties from the mass spectrometry measurements for each element were calculated as 2 
























Detector H6 H5 H4 H3 H2 H1 Ax L1 L2 L3 L4 IC2 L5 





Lead, neodymium, and strontium isotopic measurements were made on the leached 2-16 μm 
fraction of 28 downcore sediment samples from IODP Site U1430 spanning the last 200 ka, with 
an average sampling resolution of 7 kyr. 87Sr/86Sr values vary between 0.716527 and 0.720063. 
εNd values vary between -10.49 and -7.50. 
207Pb/204Pb and 208Pb/204Pb values vary between 
15.6204-15.6562, and 38.8183-38.9607, respectively.  
 
The new isotopic data of the leached 2-16 μm fraction of U1430 sediments clusters tightly showing 
limited variability compared to the isotopic composition of the potential source areas (the Loess 
Plateau and Chinese and Mongolian Deserts and arid lands) (Figure 4-7; see Appendix C for the 
data). In 207Pb/204Pb vs. 208Pb/204Pb space the U1430 samples overlap with the composition of 
Chinese Loess, and exhibit a linear trend toward the composition of Inner Mongolian and Northern 
Chinese deserts and arid lands. In εNd vs. 
87Sr/86Sr space the U1430 samples overlap with the 
composition of the <75 μm silicate fraction of sediments from the Taklimakan, Qaidam, Badain 
Jaran, and Tengger Deserts, and the Loess Plateau. The samples exhibit a linear trend to more 
positive εNd  values similar to the Gurbantanggut Desert, and Onqin Daga, Horqin, and Hunlun 
Buir Sandy Lands, and to more negative εNd  values similar to the Hobq and Mu Us Deserts. Shen 
et al. (2017) measured the Pb, Nd, and Sr isotopic composition of the <2 μm silicate fraction of 
U1430 sediments, although at very coarse time resolution over the last 15 Ma, meaning that there 
is one sample from that study which overlaps with this study, albeit on a finer grain size fraction. 
In 207Pb/204Pb vs. 208Pb/204Pb the <2 μm U1430 sample directly overlaps with the cluster of samples 
from this study. In εNd vs. 
87Sr/86Sr space the <2 μm U1430 sample overlaps very closely with the 
εNd composition of one of the samples from this study, but is offset to a more positive 
87Sr/86Sr as 
may be expected due to the effect of grain size on the strontium isotopic composition of silicates 









The lead, neodymium, and strontium data can also be considered in the time domain to examine 
any trends throughout the last 200 ka (Figure 4-8). The 208Pb/204Pb and 87Sr/86Sr data show no 
discernible trend, but do exhibit cyclic variability of peaks and troughs. The εNd data also has no 
discernible trend, but does show a marked change in variability at ~100 ka, from cyclic variability 
of peaks and troughs to a very muted signal of cyclic variability of peaks and troughs. The εNd data 





























Figure 4-7. Provenance discrimination plots of Pb-Nd-Sr isotopic data of the leached 2-16 μm 
fraction of U1430 sediments are from this study. For comparison, the Pb-Nd-Sr isotopic data of 
the <2 μm silicate fraction of U1430 sediments (Shen et al., 2017), the clay fraction and bulk 
material from the Loess Plateau (Biscaye et al., 1997; Ferrat et al., 2012), the <75 μm and <5 μm 
silicate fractions of sediments from Chinese desert isotopic regions A, B, and C (Chen et al., 2007), 
and multiple other desert regions from China and Mongolia (Biscaye et al., 1997; Bory et al., 2014; 
Ferrat et al., 2012; Li, 2007), are plotted. Panel A: All 207Pb/204Pb vs. 208Pb/204Pb data. Panel B: 
Zoom in of the 207Pb/204Pb vs. 208Pb/204Pb data around the values of the U1430 data cluster. Panel 
C: All εNd vs. 
87Sr/86Sr data. Panel D: Zoom in of the εNd vs. 
87Sr/86Sr data around the values of the 














































































Figure 4-8. Variations in the 208Pb/204Pb (black open circles), εNd (black open triangles), and 
87Sr/86Sr (black open squares) isotopic composition of the leached 2-16 μm fraction of U1430 
sediments from 200 ka to present. 2 sigma uncertainties on the isotopic measurements are shown 






4.5 Discussion  
 
Pb, Nd, and Sr isotopes were measured on each sample in this study to provide a framework for 
understanding the utility of these radiogenic isotope systems as a detrital sediment provenance 
tracer in the Sea of Japan over the last 200 ka. The results portion of this paper (Figure 4-7, Panel 
A and Panel C) reveals good agreement between our new data and a compilation of published PSA 
measurements of Pb, Nd, and Sr isotopic composition of a variety of grain size fractions. Both the 
εNd vs. 
87Sr/86Sr and 207Pb/204Pb vs. 208Pb/204Pb crossplots show direct overlap between our samples 
and potential desert source regions. In particular the U1430 samples are most similar in 
composition in all 3 isotope systems to the Loess Plateau compilation, which is a mixture of 
material from different Asian source areas of eolian material. Provenance work carried out on the 
bulk material from this core site by Anderson et al. (2019) showed that in the Pleistocene the main 
sources of material to the core site were the Loess Plateau, the Taklimakan and Gobi Deserts, and 
a minor component from the Korean Peninsula. Shen et al. (2017) carried out provenance work 
using Pb, Nd, and Sr isotopes on the clay fraction of U1430 sediments, and while only one sample 
overlapped in the time domain with this study, it directly overlaps with our spread of sample 
compositions in this study. The provenance work of Shen et al. (2017) also pointed out a volcanic 
source in their provenance determination, which they attribute to volcanics from the Japanese 
Islands. Our data trends in all 3 isotope systems do not indicate the need for a volcanic provenance 
endmember, which is potentially due to the fact that we are analyzing at a coarser grain size (> 2 
microns) and thus not sampling any redistributed material from the shelf. Thus the data from the 
past 200 ka in this study is consistent with previous work, indicating that the detrital fraction of 
sediment at IODP Site U1430 is dominantly East Asian dust.  
 
Following the establishment that our data are generally consistent with published provenance data 
from the Sea of Japan, and Site U1430 in particular, and that the 2-16 micron detrital fraction 
provenance is predominantly East Asian dust with composition similar to the Loess Plateau or a 
mixed signal of Asian Deserts with little to no volcanic input, a closer examination of each of the 
isotope systems is warranted. In 207Pb/204Pb vs. 208Pb/204Pb space (Figure 4-7, Panel B) apart from 
a few extreme values, most of the PSAs are clustered very closely with limited distinguishing 
variability that would allow easy provenance fingerprinting. The U1430 samples exhibit only 
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moderate variability within this broader context and thus do not have good utility as a provenance 
tracer of the dust in this core site.  In εNd vs. 
87Sr/86Sr space (Figure 4-7, Panel D) our samples 
exhibit a good range (from -11 to -6) in εNd space and directly overlap with the values of PSA 
samples, but in 87Sr/86Sr space our samples are very tightly clustered at ~0.72, showing lower 
variability compared to the PSA range than εNd. A complicating factor with the 
87Sr/86Sr data is 
that the PSA sample compilation shows a range of grain sizes (bulk, clay, <5 micron, <75 microns), 
none of which overlap with our targeted grain size of 2-16 microns. For strontium this is an issue 
as there are higher 87Sr/86Sr ratios in small grain size fractions, potentially due to enrichment of 
clay minerals with high rubidium content and accompanying characteristically high 87Sr/86Sr ratios 
(Chen et al., 2007). This means that our samples fall in the middle of the range of values of the 
published PSA samples and thus are offset from both the isotopically heavier (coarse grain sizes) 
and lighter (fine grain sizes). This makes direct comparison to the PSAs more complicated as we 
do not have PSA measurements of the same grain size fraction, and combined with the fact that Sr 
shows lower variability than εNd we choose to focus on εNd as a provenance tracer.  
 
In terms of assessing provenance change down core through time over the last 200 ka we will 
focus on εNd as our most promising geochemical fingerprinting proxy. As discussed in the results, 
the εNd time series shows cyclic variability between values of -11 and -7 at an orbital frequency 
(Figure 4-8), similar to a precessional timescale of ~20 kyr. At some parts of the time series these 
peaks and troughs are abrupt in nature due to the low resolution of the dataset; for example, the 
peak at 100 ka and the trough at 160 ka are each only defined by one data point. Other peaks and 
troughs are defined by two or more data points, such as the peak at 140 ka followed by the trough 
at 130 ka. Targeted measurement of samples during intervals where a peak or trough is defined by 
only one data point would increase the confidence in the signal of the time series during these 
times, and also better resolve the timing and nature of the peaks/troughs themselves. The amplitude 
of variability of the εNd record changes significantly at 100 ka, from pronounced cyclic variability 
to very muted variability with no discernible trend around an average εNd value of 9.5, interrupted 
only by a shift to an εNd value of -11 in the most recent sample at 1 ka. Due to the low sampling 
resolution it is possible that higher amplitude peaks and troughs were missed from the sediment 
record and that the low variability is simply an artifact of sampling. Increased measurement 
resolution could help test this possibility. Comparison of the U1430 Nd provenance record with 
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the well-dated Asian Monsoon δ18O record from speleothems over the past 200 ka (Figure 4-9) 
reveals a strong association of strong monsoon intervals (negative δ18O) with peaks in the Nd 
record (positive εNd shift), and association of weak monsoon intervals (positive δ18O) with troughs 
in the Nd record (negative εNd shift). The largest amplitude variability in the Nd record occurs 
during the largest amplitude 65°N summer insolation change of the last 200 ka (Figure 4-9), from 
a precessional maximum at 120 ka to a minimum at 110 ka, followed by a precessional maximum 
again at 100. The lowest amplitude variability in the Nd record occurs during the lowest amplitude 
65°N summer insolation changes of the last 200 ka, from a precessional maximum at 50 ka to a 
muted minimum at 40 ka, followed by a muted maximum at 30 ka. This may indicate a high 
northern latitude insolation control on the εNd variability similar to what is seen in the Asian 
Monsoon δ18O record. The portion of the record that shows some discrepancy is at the insolation 
minimum/monsoon minimum at 115 ka where the measurements defining this trough in εNd appear 
to reach a minimum about 8 kyr early at 123 ka. Close examination of the age control (Figure 4-
5) over this interval reveals that the tie points over this time are at 69 ka and 135 ka, via correlation 
ties between the LR04 stack and bulk density/GRA measurements from U1424, and correlated via 
color measurements (L*) to U1430. Thus there is a great degree of flexibility in which the bulk 
density record could be shifted younger by multiple thousands of years to match the LR04 stack 
within the bounds of these tie points, meaning that the current discrepancy at the 123 ka interval 


































Figure 4-9. July 21 insolation at 65°N (yellow; Laskar et al., (2004), variations in the εNd
 isotopic 
composition of the leached 2-16 μm fraction of U1430 sediments (black open triangles; this study), 
and the composite AM δ18O record (green; Cheng et al., (2016). 2 sigma uncertainties on the 











The spatial pattern of the εNd isotopic composition of the PSAs of Asian dust is key to interpretation 
of any provenance changes that the U1430 εNd may imply, and thus the mechanistic relationship 
between atmospheric dynamical changes over Asia and changing climate. An examination of the 
PSA compilation of εNd data in the spatial domain (Figure 4-10) reveals a distinct trend, with sandy 
lands north of 42°N having a more positive εNd composition (between -6 and -1) and the sandy 
lands and deserts south of 42°N having a more negative εNd composition (between -18 and -6). 
Thus mixing of eolian material from these distinct regions would produce an inferred signal that 
in εNd space in the downwind aggregated sediment an increased (decreased) proportion of material 
from sites north (south) of 42°N would lead to more positive (negative) εNd values. The εNd time 
series from U1430 exhibits more positive values during intervals of summer insolation maxima 
and a strong Asian monsoon, with the implication of a greater proportion of material sourced from 
























Figure 4-10. Map of εNd isotopic composition of potential Asian dust source area samples (Biscaye 
et al., 1997; Bory et al., 2014; Chen et al., 2007; Ferrat et al., 2012) and IODP Site U1430 (black). 


















Nagashima et al. (2013) distinguish two major dust source areas to the Japan Sea, the Mongolian 
Gobi and Taklimakan Deserts (Figure 4-11). According to their work, in spring conditions there 
are severe dust storms in the Mongolian Gobi due to strong cold fronts from Siberia, which 
transports the dust eastward in near-surface northwesterly winds to the Japan Sea. In summer 
conditions the spring-time dust storm event frequency in the Gobi decreases due to the weaker 
latitudinal temperature gradient; concurrently the WJ moves north of the Tibetan Plateau and dust 
is entrained from the Taklimakan and transported eastward to the Japan Sea at high altitudes by 
the jet. Thus an earlier transition to summer conditions where the WJ is north of the Tibetan Plateau 
means an increase in material sourced from the Taklimakan vs. the Mongolian Gobi. Nagashima 
et al. (2011) note that during interstadial of Dansgaard-Oeschger (D-O) events that there is an 
increase in Taklimakan sourced material to the Japan Sea, indicative of an earlier transition to 
summer conditions; and that during D-O stadials there is an increase in Gobi sourced material to 
the Japan Sea indicative of a later transition to summer conditions. The Jet-Transition Hypothesis 
framework (Chiang et al., 2015) shows that there is a seasonal transition of the WJ and associated 
rainfall from south of the TP (Spring rains), to north of the TP with associated Meiyu rainfall in 
early summer, to very north of the TP with associated summer rains (Figure 4-1; Panel B). The 
hypothesis posits that, for example, during a time of increased summer insolation that the WJ 
would transition more quickly to the north of the TP and into the regime of summer rains, thus 
decreasing the Meiyu rainfall and increasing summer rainfall. Using this hypothesis and testing it 
using our new εNd record from U1430 we would expect that during higher insolation times that the 
WJ should transition to its northern summer rainfall regime more quickly and remain there for 
longer, thus increasing the fraction of dust sourced from the more northern dust source areas. As 
described in the previous paragraph this is broadly consistent with our observations of a greater 
proportion of material sourced from areas north of 42°N being transported to the Japan Sea during 





















Figure 4-11. Map showing proposed main source areas of dust exported to the Sea of Japan, the 
Taklimakan and Mongolian Gobi Deserts (in yellow) (Nagashima & Tada, 2012). In spring low-
level winds export dust predominantly from the Mongolian Gobi (green arrows). In summer the 
WJ moves north of the Tibetan Plateau (pink arrow) and dust is entrained from the Taklimakan 
















The main discrepancy at this point between our records and those of Nagashima and colleagues is 
that their data show the Taklimakan and Gobi Deserts to be the main dust source regions to the 
Japan Sea core, whereas our provenance does not directly show this (nor does it contradict this as 
the Taklimakan and Gobi have similar εNd values). Instead we focus on the more general difference 
between deserts north and south of 42°N. In order to strengthen our conclusions it is vital to 
understand exactly where the dust generation is occurring during the different seasons that Chiang 
et al. (2015) formalize, how this dust is transported to the Japan Sea (i.e., whether it is related to 
the WJ at all times), and the εNd isotopic composition of these exact areas.  
 
A convoluting factor not yet taken into account in this study is consideration of the flux of dust 
being exported from Asian source areas to the Japan Sea, and beyond. It can be hypothesized that 
a change in flux of one component/source area (e.g., decrease in southern sourced dust with a very 
negative εNd signal), due to a weakening of the WJ while it is south or a decrease in erodibility of 
the land surface due to increased vegetation or soil moisture, while keeping the other 
component/source area input constant (e.g., the northern sourced dust with a less negative εNd 
signal) could lead to a more positive εNd isotopic composition of Japan Sea material without the 
need to invoke a source area change due to timing of the jet transition. ODP Site 1208A on the 
Shatsky Rise records high-resolution changes in dust flux from the Asian interior over the last 200 
ka (Chapter 3), exhibiting a marked G-IG signal with high dust flux during glacial times and low 
dust flux during interglacial times. Comparison of this flux record with the εNd record of Site 
U1430 (Figure 4-12) shows very little similarity in signal on a G-IG timescale. During the 
penultimate deglacial (Termination II) dust fluxes transition from high to low while εNd values 
become more positive; during the last deglacial dust fluxes again transition from high to low while 
the muted εNd signal becomes more negative. Thus there is no clear relationship between G-IG 
changes to dust flux from the Asian interior and εNd shifts, supporting our interpretation that 
changes in the εNd composition of Japan Sea material reflect changes in the timing of seasonal 
shifts of the WJ. The absence of a clear G-IG signal in the seasonal position of the WJ is also 
reflected in the absence of a strong G-IG signal in the Asian Monsoon δ18O records (e.g., Figure 
4-9), suggesting that the precessional forcing is the driving mechanism behind Asian climate even 
on longer orbital timescales. This lack of G-IG signal could be further explored my measuring 
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more samples for εNd over more G-IG samples past 200 ka, and by confirming this with other 









































Figure 4-12. Variations in the εNd
 isotopic composition of the leached 2-16 μm fraction of U1430 
sediments (black open triangles; this study), and North Pacific ODP 1208A dust flux record 
(purple; Chapter 3). 2 sigma uncertainties on the neodymium isotopic measurements are shown as 

















Lead, neodymium, and strontium isotopic measurements made on isolated eolian material from 
IODP Site U1430 in the Sea of Japan show strong agreement with isotopic data from clays at the 
same core site, and overlap with the composition of the expected potential source areas for the 
eolian material at the site. This agreement builds confidence that these radiogenic isotope systems 
can be used in this region to track provenance change to the core site. The lead and strontium 
isotopic compositions over the last 200 ka were not utilized as discriminatory provenance tracers 
as the Pb isotopes did not show large enough variability compared to source area values, and for 
Sr isotopes interpretation was complicated by grain size concerns. The neodymium isotopic 
composition over the last 200 ka exhibited larger variability compared to source area values and 
thus was utilized to trace changing Asian dust provenance to Site U1430. 
The neodymium isotopic record from Site U1430 shows precessional-scale variability from 200 
to 100 ka, and more muted variability from 100 to 0 ka. The precessional-scale variability is 
coherent with times of strong (weak) Asian monsoon and high (low) summer insolation at 65°N 
while neodymium isotopes show a shift to more positive (negative) values and thus a higher 
(lower) proportion of eolian material sourced from north of 42°N. This indicates that during times 
of high summer insolation and a strong Asian Monsoon that the Westerly Jet shifts more quickly 
to the far north of the Tibetan Plateau, thus increasing the proportion of eolian material sourced 
from the northern source areas. This broadly aligns with the Jet-Transition Hypothesis posited by 
Chiang et al., (2015) attempting to link dynamics of the Westerly Jet and Asian rainfall on 
paleoclimate timescales. The neodymium record also reveals a clear lack of glacial-interglacial 
signal over the last 200 ka suggesting that precessional forcing is the driving mechanism behind 












Worldwide monsoon systems are affected by changing climate, on glacial-interglacial, orbital, and 
millennial timescales, impacting atmospheric circulation and associated rainfall. Reconstruction 
of these past changes to atmospheric circulation and rainfall is vital to understanding the impacts 
of external forcings on monsoon regions, but changes in winds do not leave a clear observable 
rock record to study. Thus marine sediment cores have been utilized to measure the accumulation 
rate of eolian dust exported from the continental interiors of monsoon regions in an effort to 
reconstruct changes to atmospheric circulation due to climate forcing. 
 
This thesis generated new high resolution dust flux and provenance records over the past 330 ka 
from the West African and East Asian monsoon systems to investigate changes to these systems 
over multiple timescales. In Chapter 2 we extended a transect of dust flux records spanning the 
West African margin from 19-27 °N back to 35 ka, and back to 67 ka at ODP Hole 658C. These 
records showed a strong insolation control on West African climate, with multiple millennial-scale 
peaks in dust flux associated with cool events in the North Atlantic, superimposed on the orbital-
scale trends. The records also exhibited a skipped precessional “beat” from 35-20 ka potentially 
due either to an increased gradient in insolation during this time of low obliquity, or to the influence 
of cold North Atlantic temperatures and large ice sheets in counteracting the local insolation 
forcing on North African climate. In Chapter 3 we constructed a 330 ka dust flux record from ODP 
Site 1208 on Shatsky Rise in the midlatitude western North Pacific, probing changes to 
atmospheric circulation and dust export from Asian source areas. The record showed a clear 
glacial-interglacial signal with dusty glacials, and low dust fluxes during interglacials, with 
evidence for a precessionally-driven insolation control overriding the glacial-interglacial signal 
predominantly during glacial times. Decreases to dust fluxes during glacial times occurred during 
maxima in June 21st insolation at 65°N, potentially driven by changes to the length of the dust 
season in East Asia, or less intense dust storms. This new record also allowed for a transect of dust 
flux records from the equatorial to subarctic North Pacific to be examined, suggesting a constant 
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glacial-interglacial dust transport mechanisms over this timescale. However the equatorial record 
showed more muted variability relative the midlatitude and subarctic records on orbital timescales, 
suggesting a change in dust transport across the North Pacific which does not reach the equator. 
In Chapter 4 we showed the feasibility of using neodymium isotopes in the Sea of Japan at IODP 
Site 1208 to reconstruct Westerly Jet behaviour over East Asia by fingerprinting the changing 
source region of dust downwind. We then generated a neodymium provenance record spanning 
the last 200 ka which showed resolvable orbital-scale variability from 200 to 100 ka, and muted 
variability from 100 to 0 ka. The orbital-scale variability implied a quicker shift of the Westerly 
Jet to the north of the Tibetan Plateau during times of a strong Asian monsoon, offering support 
for Chiang et al.'s (2015) Jet-Transition Hypothesis. The neodymium provenance record also 
reveals the absence of a clear glacial-interglacial signal in the seasonal position of the Westerly 
Jet. 
 
Comparing the broad findings from the dust flux and provenance records from the West African 
and East Asian Monsoon regions over the last 330 ka allows an integrated view of changes to 
atmospheric circulation due to climate forcing in these Northern Hemisphere areas affected by 
monsoon systems. The dust records all exhibit a direct response associated with high-latitude (65 
°N) summer insolation forcing, with decreased dust export from West Africa during times of high 
insolation and a strong summer monsoon, decreased dust export from East Asia during times of 
high insolation which occur in glacial times, and a faster jet-transition to the north of the Tibetan 
Plateau during times of high insolation. The dust records also exhibit a response associated with 
changing high-latitude boundary conditions. In the North Atlantic during Greenland stadials there 
are abrupt increases in dust export from West Africa, and potential evidence that cold North 
Atlantic temperatures can counteract the direct insolation forcing on North African climate, while 
the East Asian dust flux record shows that glacial times are dusty. Thus, taken together, these 
records exemplify that changes to atmospheric circulation in the West African and East Asian 
Monsoon regions are controlled by a balance of climate forcing from a high-latitude direct 






The findings of this thesis can be strengthened with targeted future work to improve the robustness 
and resolution of the findings. The correlations between opal and dust fluxes at the West African 
margin sites have potential bias due to 230Th-normalized sedimentation rates being used to 
calculate both opal and dust fluxes. Using an independent method to calculate opal fluxes, and 
comparing those to 230Th-normalized dust fluxes would improve the reliability of the correlation. 
For the ODP 1208 core, interpretation of the data is limited due to unreliable portions of the age 
model at intervals where core gaps exist. Building multiple potential age models using the 
available age control data, and comparing the effect that differing age models have on the 
interpretation of the dust flux record would provide a way to test the validity of the dust flux record 
interpretation over the intervals with unreliable age control. The neodymium provenance record 
from IODP Site U1430 shows a resolvable association of positive shifts in εNd with increased high-
latitude summer insolation, however the record is at low temporal resolution such that some of the 
positive shifts are only defined by one data point calling the validity of the interpretation into 
question. Increasing the resolution of εNd data from the core site, in particular over the intervals of 
largest change in existing εNd data, would greatly enhance the robustness of the record. Future 
research beyond the scope of this thesis which would strengthen future Asian dust provenance 
work should focus on producing a data set of the radiogenic isotopic composition of potential 
Asian dust source areas, using sample preparation methods (leach protocol and grain size 

























Age Detrital Flux ± Dust Flux ± CaCO3 Flux ± Corg Flux ± Opal Flux ±
(cal ka - BP1950) (g/cm2/kyr) (1 sigma) (g/cm^2/ka) (1 sigma) (g/cm^2/ka) (1 sigma) (g/cm^2/ka) (1 sigma) (g/cm^2/ka) (1 sigma)
1.538 0.976 0.028 0.332 0.052 0.840 0.026 0.013 0.019 0.072 0.019
4.213 0.895 0.024 0.199 0.046 0.768 0.022 0.012 0.017 0.052 0.017
6.222 0.804 0.022 0.093 0.040 0.836 0.023 0.010 0.017 0.049 0.017
8.197 0.774 0.023 0.115 0.039 0.937 0.025 0.010 0.018 0.052 0.018
10.447 0.887 0.028 0.161 0.045 1.139 0.031 0.014 0.021 0.085 0.021
11.254 1.009 0.032 0.236 0.052 1.208 0.035 0.020 0.023 0.095 0.023
12.040 0.986 0.032 0.396 0.053 1.155 0.035 0.017 0.023 0.127 0.023
12.847 0.985 0.037 0.467 0.055 1.125 0.040 0.024 0.023 0.126 0.023
13.657 0.804 0.028 0.362 0.043 1.309 0.035 0.024 0.022 0.100 0.022
14.467 0.743 0.025 0.302 0.039 1.245 0.032 0.025 0.021 0.098 0.021
14.872 0.776 0.026 0.357 0.041 1.233 0.032 0.030 0.021 0.103 0.022
15.276 0.693 0.024 0.319 0.037 1.166 0.029 0.034 0.020 0.096 0.020
15.679 0.716 0.025 0.336 0.038 1.176 0.032 0.022 0.020 0.122 0.021
16.076 0.641 0.022 0.327 0.034 1.127 0.028 0.021 0.019 0.096 0.019
16.489 0.667 0.021 0.373 0.037 0.918 0.024 0.019 0.017 0.103 0.017
17.155 0.468 0.016 0.238 0.025 0.867 0.020 0.019 0.014 0.070 0.014
17.843 0.668 0.021 0.374 0.037 0.914 0.024 0.023 0.017 0.096 0.017
18.533 0.520 0.018 0.286 0.028 0.902 0.022 0.018 0.015 0.071 0.015
19.223 0.607 0.020 0.328 0.033 0.964 0.024 0.025 0.017 0.081 0.017
19.915 0.523 0.017 0.272 0.028 0.891 0.021 0.018 0.015 0.064 0.015
20.605 0.467 0.016 0.262 0.025 0.857 0.020 0.017 0.014 0.072 0.014
21.986 0.531 0.018 0.276 0.029 0.909 0.023 0.019 0.015 0.078 0.015
23.360 0.573 0.019 0.281 0.031 0.928 0.024 0.016 0.016 0.071 0.016
24.028 0.604 0.020 0.290 0.033 0.907 0.024 0.021 0.016 0.090 0.016
24.563 0.668 0.021 0.334 0.037 0.850 0.024 0.012 0.016 0.102 0.016
25.587 0.660 0.021 0.330 0.036 0.793 0.023 0.020 0.016 0.086 0.016
26.618 0.666 0.022 0.320 0.036 0.895 0.025 0.022 0.017 0.080 0.017
27.650 0.705 0.023 0.352 0.039 0.913 0.027 0.007 0.017 0.096 0.017
28.683 0.679 0.023 0.332 0.037 0.905 0.026 0.012 0.017 0.100 0.017
29.714 0.742 0.025 0.386 0.042 0.862 0.027 0.032 0.017 0.093 0.017
30.230 0.806 0.027 0.436 0.046 0.887 0.028 0.017 0.018 0.109 0.018
30.745 0.840 0.031 0.429 0.047 1.197 0.038 0.036 0.022 0.105 0.022
31.260 0.771 0.027 0.416 0.043 1.035 0.032 0.034 0.019 0.098 0.020
31.774 0.944 0.035 0.510 0.053 1.206 0.040 0.046 0.023 0.120 0.023
32.288 0.802 0.028 0.417 0.045 1.081 0.033 0.033 0.020 0.095 0.020
32.800 1.007 0.037 0.524 0.056 1.344 0.045 0.051 0.025 0.132 0.026
33.313 0.779 0.028 0.421 0.044 1.058 0.033 0.033 0.020 0.091 0.020
33.823 0.879 0.032 0.448 0.049 1.267 0.040 0.050 0.023 0.113 0.023
34.839 0.870 0.033 0.487 0.049 1.224 0.041 0.025 0.022 0.124 0.023
35.840 0.860 0.032 0.447 0.047 1.278 0.040 0.049 0.023 0.145 0.024










Age Detrital Flux ± Dust Flux ± CaCO3 Flux ± Corg Flux ± Opal Flux ±
(cal ka - BP1950) (g/cm2/kyr) (1 sigma) (g/cm^2/ka) (1 sigma) (g/cm^2/ka) (1 sigma) (g/cm^2/ka) (1 sigma) (g/cm^2/ka) (1 sigma)
0.558 1.096 0.035 0.581 0.058 0.837 0.030 0.021 0.020 0.089 0.021
1.004 1.032 0.031 0.525 0.054 0.842 0.028 0.017 0.020 0.084 0.020
2.212 0.967 0.031 0.484 0.051 0.821 0.028 0.021 0.019 0.060 0.019
3.438 0.850 0.024 0.378 0.044 0.756 0.023 0.020 0.017 0.061 0.017
4.556 0.742 0.022 0.274 0.038 0.814 0.023 0.020 0.016 0.057 0.016
5.569 0.489 0.015 0.108 0.025 0.843 0.018 0.014 0.014 0.042 0.014
6.571 0.498 0.016 0.114 0.025 0.896 0.019 0.012 0.015 0.048 0.015
7.473 0.435 0.015 0.083 0.022 0.927 0.018 0.012 0.014 0.047 0.014
8.374 0.400 0.015 0.076 0.020 0.931 0.018 0.015 0.014 0.049 0.014
9.205 0.438 0.017 0.110 0.022 1.060 0.023 0.012 0.016 0.060 0.016
10.110 0.490 0.018 0.186 0.025 1.011 0.022 0.022 0.016 0.066 0.016
10.834 0.622 0.025 0.305 0.033 1.210 0.035 0.028 0.020 0.108 0.020
11.280 0.822 0.026 0.378 0.043 1.106 0.029 0.044 0.021 0.135 0.021
11.738 0.785 0.028 0.448 0.042 1.148 0.034 0.029 0.021 0.161 0.022
12.196 0.781 0.031 0.430 0.043 1.248 0.041 0.035 0.022 0.153 0.023
12.645 0.989 0.035 0.524 0.053 1.035 0.036 0.049 0.023 0.210 0.024
12.950 1.058 0.039 0.698 0.059 1.157 0.042 0.040 0.025 0.197 0.025
13.181 1.266 0.061 0.836 0.075 1.293 0.062 0.056 0.028 0.220 0.030
13.517 1.034 0.041 0.672 0.058 1.317 0.048 0.043 0.026 0.204 0.027
13.921 0.769 0.027 0.454 0.042 1.220 0.034 0.044 0.022 0.186 0.023
14.326 0.941 0.033 0.536 0.051 1.436 0.041 0.053 0.026 0.201 0.027
15.122 0.843 0.029 0.531 0.046 1.031 0.033 0.034 0.021 0.161 0.021
15.565 0.798 0.038 0.511 0.047 1.030 0.047 0.023 0.020 0.165 0.021
16.023 0.874 0.027 0.595 0.047 0.992 0.029 0.029 0.021 0.162 0.021
16.943 0.939 0.033 0.648 0.052 0.956 0.034 0.030 0.021 0.149 0.021
17.835 0.883 0.028 0.574 0.048 0.867 0.028 0.038 0.019 0.148 0.020
18.808 0.868 0.047 0.564 0.053 0.930 0.050 0.033 0.020 0.128 0.021
19.813 0.836 0.032 0.552 0.047 0.857 0.032 0.035 0.018 0.088 0.018
20.822 0.783 0.030 0.517 0.044 0.831 0.031 0.038 0.018 0.105 0.018
21.831 0.804 0.037 0.530 0.047 0.863 0.039 0.034 0.018 0.102 0.018
22.839 0.786 0.026 0.511 0.043 0.827 0.027 0.029 0.018 0.124 0.018
23.828 0.936 0.032 0.637 0.052 0.914 0.031 0.028 0.020 0.118 0.020
24.271 0.902 0.031 0.631 0.050 0.875 0.031 0.024 0.019 0.133 0.020
24.739 0.885 0.030 0.611 0.049 0.964 0.031 0.032 0.020 0.141 0.021
25.212 0.890 0.032 0.632 0.050 0.829 0.030 0.025 0.019 0.128 0.019
25.687 0.875 0.031 0.604 0.049 0.916 0.031 0.024 0.020 0.142 0.020
26.163 0.854 0.030 0.592 0.047 0.765 0.028 0.028 0.018 0.120 0.018
26.636 0.839 0.027 0.585 0.046 0.771 0.026 0.028 0.017 0.109 0.018
27.110 0.780 0.025 0.546 0.043 0.672 0.023 0.039 0.016 0.107 0.016
27.587 0.867 0.029 0.624 0.048 0.790 0.027 0.036 0.018 0.113 0.018
28.059 0.857 0.029 0.617 0.048 0.739 0.026 0.026 0.017 0.116 0.018
28.532 0.888 0.031 0.631 0.049 0.803 0.029 0.033 0.019 0.124 0.019
29.002 0.922 0.032 0.654 0.051 0.733 0.028 0.019 0.018 0.134 0.019
29.470 0.935 0.032 0.645 0.052 0.692 0.027 0.034 0.018 0.155 0.019
29.938 0.890 0.031 0.650 0.050 0.788 0.029 0.028 0.018 0.122 0.019
30.400 0.910 0.033 0.655 0.051 0.951 0.034 0.019 0.020 0.153 0.021
30.852 0.877 0.032 0.649 0.050 0.897 0.032 0.035 0.019 0.111 0.019
31.291 0.867 0.031 0.641 0.049 0.905 0.032 0.048 0.019 0.120 0.020
31.801 0.844 0.030 0.616 0.047 0.893 0.031 0.046 0.019 0.114 0.019
32.324 0.912 0.034 0.657 0.052 0.983 0.035 0.045 0.021 0.130 0.021
32.844 0.935 0.037 0.692 0.054 1.031 0.039 0.050 0.021 0.126 0.022
33.361 0.905 0.034 0.661 0.052 0.916 0.034 0.043 0.020 0.116 0.020
33.875 0.975 0.038 0.692 0.056 0.973 0.038 0.047 0.021 0.134 0.022
34.391 0.900 0.034 0.630 0.051 0.991 0.037 0.056 0.021 0.129 0.021
34.903 0.845 0.032 0.600 0.048 0.945 0.034 0.045 0.020 0.124 0.020
35.415 0.968 0.037 0.688 0.055 0.955 0.037 0.042 0.021 0.143 0.022
35.925 1.075 0.050 0.763 0.064 1.084 0.050 0.046 0.024 0.174 0.025








Age Detrital Flux ± Dust Flux ± CaCO3 Flux ± Corg Flux ± Opal Flux ±
(cal ka - BP1950) (g/cm2/kyr) (1 sigma) (g/cm^2/ka) (1 sigma) (g/cm^2/ka) (1 sigma) (g/cm^2/ka) (1 sigma) (g/cm^2/ka) (1 sigma)
1.968 3.008 0.339 2.136 0.282 0.961 0.116 0.111 0.044 0.189 0.048
2.361 2.314 0.186 1.643 0.174 1.028 0.089 0.089 0.037 0.163 0.038
3.292 2.143 0.170 1.446 0.156 1.001 0.085 0.082 0.034 0.157 0.036
4.239 2.094 0.155 1.361 0.144 1.022 0.081 0.079 0.034 0.148 0.035
4.978 1.738 0.107 1.051 0.107 0.907 0.061 0.072 0.029 0.131 0.030
5.267 1.844 0.140 1.079 0.122 0.991 0.080 0.082 0.031 0.142 0.032
5.696 1.696 0.117 0.755 0.099 0.930 0.068 0.070 0.029 0.129 0.030
5.896 1.169 0.058 0.394 0.061 0.692 0.038 0.051 0.020 0.096 0.021
6.306 1.128 0.077 0.361 0.061 0.695 0.050 0.049 0.020 0.085 0.020
7.015 1.142 0.179 0.411 0.086 0.712 0.112 0.051 0.022 0.102 0.026
7.663 0.968 0.054 0.407 0.053 0.839 0.048 0.041 0.019 0.077 0.020
7.987 0.937 0.039 0.447 0.050 0.829 0.036 0.037 0.019 0.082 0.019
8.330 1.121 0.047 0.597 0.061 0.811 0.037 0.048 0.021 0.085 0.021
8.673 0.994 0.040 0.487 0.053 0.811 0.034 0.045 0.019 0.091 0.020
9.008 1.471 0.081 0.846 0.086 0.865 0.052 0.057 0.025 0.123 0.026
9.556 1.424 0.091 0.826 0.088 0.939 0.063 0.051 0.026 0.124 0.026
10.363 1.695 0.127 0.941 0.109 1.009 0.079 0.048 0.029 0.141 0.031
11.172 1.613 0.095 0.895 0.095 0.857 0.055 0.048 0.027 0.128 0.027
11.963 2.690 0.248 1.722 0.207 1.002 0.100 0.064 0.040 0.212 0.044
12.229 4.657 0.764 3.539 0.624 1.396 0.237 0.103 0.067 0.370 0.089
12.427 4.600 0.679 3.473 0.560 1.238 0.193 0.131 0.066 0.389 0.085
12.654 4.338 0.590 3.275 0.494 1.089 0.159 0.104 0.061 0.360 0.076
12.894 4.487 0.605 3.679 0.543 1.199 0.172 0.095 0.063 0.354 0.078
13.137 5.188 0.888 4.202 0.763 1.456 0.258 0.077 0.072 0.366 0.094
13.381 4.636 0.716 3.755 0.623 1.400 0.225 0.087 0.066 0.364 0.086
13.623 3.832 0.544 2.759 0.435 1.126 0.167 0.068 0.054 0.240 0.063
13.854 3.059 0.326 1.958 0.257 1.030 0.117 0.075 0.044 0.191 0.048
14.276 3.041 0.398 2.159 0.320 1.107 0.151 0.041 0.044 0.167 0.049
14.726 3.410 0.394 2.387 0.323 1.041 0.128 0.054 0.047 0.195 0.052
15.179 3.803 0.621 3.004 0.525 1.140 0.193 0.056 0.053 0.217 0.063
15.629 4.918 0.589 4.032 0.540 1.044 0.139 0.086 0.064 0.257 0.070
16.282 6.991 1.174 6.013 1.067 1.198 0.218 0.081 0.087 0.321 0.101
16.577 4.867 0.776 3.991 0.680 1.167 0.196 0.036 0.063 0.229 0.073
16.878 4.429 0.816 3.632 0.704 0.941 0.182 0.055 0.057 0.203 0.068
17.175 3.887 0.449 3.109 0.407 0.893 0.114 0.039 0.050 0.195 0.055
17.550 3.565 0.484 2.674 0.403 1.060 0.151 0.051 0.048 0.125 0.051
18.511 2.728 0.415 2.073 0.343 0.576 0.094 0.037 0.035 0.131 0.040
19.478 2.936 0.325 2.349 0.298 0.563 0.072 0.036 0.037 0.132 0.039
20.296 3.655 0.480 2.924 0.424 0.604 0.091 0.050 0.045 0.158 0.049
20.599 3.240 0.232 2.754 0.254 0.672 0.063 0.030 0.041 0.138 0.042
20.908 3.974 0.395 3.497 0.399 0.735 0.088 0.039 0.049 0.155 0.051
21.217 3.967 0.331 3.531 0.354 0.674 0.074 0.038 0.048 0.157 0.050
21.526 5.078 0.628 4.469 0.607 0.872 0.124 0.043 0.062 0.197 0.066
21.835 4.831 0.713 4.203 0.665 0.874 0.142 0.061 0.060 0.203 0.067
22.145 3.854 0.352 3.315 0.358 0.704 0.080 0.040 0.048 0.154 0.050
22.454 3.026 0.241 2.481 0.248 0.611 0.061 0.037 0.038 0.145 0.040
22.763 3.880 0.534 3.220 0.483 0.751 0.114 0.053 0.049 0.187 0.055
23.069 3.529 0.317 3.070 0.327 0.553 0.065 0.045 0.043 0.149 0.045
23.376 3.794 0.457 3.149 0.423 0.749 0.102 0.055 0.048 0.169 0.052
23.650 4.358 0.638 3.617 0.571 0.806 0.129 0.057 0.055 0.192 0.061
23.924 3.963 0.505 3.210 0.453 0.731 0.105 0.046 0.050 0.180 0.054
24.202 3.123 0.305 2.498 0.289 0.610 0.071 0.040 0.040 0.179 0.043
24.481 3.556 0.392 2.844 0.359 0.654 0.084 0.044 0.044 0.165 0.048
24.761 3.304 0.279 2.742 0.283 0.618 0.066 0.040 0.041 0.158 0.043
25.041 3.396 0.377 2.818 0.355 0.627 0.081 0.039 0.042 0.124 0.044
25.320 2.808 0.226 2.358 0.235 0.570 0.057 0.030 0.035 0.126 0.037
25.599 3.842 0.328 3.304 0.340 0.658 0.073 0.037 0.047 0.132 0.048
25.875 4.800 0.746 3.984 0.663 0.885 0.149 0.048 0.060 0.180 0.065
26.144 3.457 0.368 2.904 0.353 0.710 0.087 0.039 0.044 0.145 0.046






Age Detrital Flux ± Dust Flux ± CaCO3 Flux ± Corg Flux ± Opal Flux ±
(cal ka - BP1950) (g/cm2/kyr) (1 sigma) (g/cm^2/ka) (1 sigma) (g/cm^2/ka) (1 sigma) (g/cm^2/ka) (1 sigma) (g/cm^2/ka) (1 sigma)
0.158 1.952 0.110 0.909 0.058 0.189 0.032
0.263 1.896 0.077 0.953 0.047 0.205 0.031
0.369 0.353 0.009 0.180 0.007 0.038 0.006
0.474 0.759 0.024 0.398 0.016 0.090 0.013
0.506 2.060 0.118 1.093 0.069 0.230 0.036
0.621 1.955 0.078 1.052 0.050 0.206 0.033
0.660 0.904 0.030 0.472 0.020 0.090 0.015
0.699 1.899 0.084 1.015 0.052 0.194 0.032
0.776 1.867 0.083 1.025 0.052 0.186 0.032
0.883 1.772 0.089 0.990 0.055 0.167 0.030
0.931 1.892 0.139 1.037 0.081 0.214 0.035
0.980 1.764 0.100 0.938 0.058 0.166 0.030
1.028 1.840 0.079 1.024 0.050 0.183 0.031
1.149 1.564 0.047 0.914 0.035 0.164 0.027
1.198 1.847 0.094 1.050 0.059 0.177 0.032
1.246 1.714 0.085 0.964 0.053 0.157 0.029
1.295 1.809 0.081 1.045 0.053 0.179 0.031
1.368 1.716 0.083 0.997 0.053 0.176 0.030
1.529 1.858 0.132 1.060 0.080 0.173 0.033
1.642 1.695 0.140 1.027 0.088 0.171 0.032
1.755 1.721 0.068 1.011 0.046 0.156 0.029
1.868 1.689 0.082 0.970 0.052 0.161 0.029
1.981 1.911 0.115 1.105 0.072 0.169 0.033
2.276 1.647 0.083 0.927 0.052 0.153 0.028
2.458 1.742 0.064 1.064 0.046 0.166 0.030
2.641 1.653 0.093 0.949 0.058 0.149 0.029
3.096 1.766 0.100 0.992 0.061 0.147 0.030
3.278 1.602 0.064 0.923 0.043 0.136 0.027
3.460 1.628 0.092 0.973 0.059 0.151 0.029
3.642 1.553 0.065 0.959 0.045 0.145 0.027
3.825 1.712 0.112 1.044 0.072 0.156 0.031
4.007 1.664 0.106 0.972 0.066 0.142 0.029
4.342 1.529 0.058 0.932 0.041 0.180 0.027
4.404 1.600 0.058 0.949 0.041 0.163 0.028
4.529 1.513 0.063 0.931 0.044 0.134 0.026
4.746 1.449 0.052 0.988 0.040 0.132 0.026
4.902 1.603 0.082 0.984 0.055 0.130 0.028
4.964 1.473 0.090 0.890 0.058 0.117 0.026
5.026 1.529 0.057 0.904 0.039 0.120 0.026
5.088 1.516 0.064 0.868 0.042 0.118 0.025
5.150 1.598 0.105 0.970 0.067 0.127 0.028
5.213 1.491 0.075 0.884 0.049 0.115 0.025
5.399 1.351 0.047 0.929 0.037 0.105 0.024
5.522 1.061 0.037 0.858 0.032 0.093 0.020
5.830 0.845 0.042 0.904 0.044 0.084 0.019
6.077 0.881 0.025 0.933 0.026 0.089 0.019
6.385 0.818 0.035 0.936 0.038 0.087 0.019
6.508 0.821 0.023 0.888 0.023 0.083 0.018
6.816 0.759 0.022 0.928 0.024 0.081 0.018
6.939 0.835 0.024 0.853 0.024 0.081 0.018
7.371 0.748 0.028 0.919 0.032 0.084 0.018
7.543 0.778 0.022 0.933 0.024 0.083 0.018
7.575 0.779 0.036 0.909 0.040 0.077 0.018
7.608 0.779 0.026 0.939 0.028 0.079 0.018
7.640 0.742 0.025 0.907 0.028 0.082 0.017
7.673 0.746 0.023 0.928 0.025 0.086 0.018
7.705 0.769 0.024 0.976 0.027 0.090 0.018
7.738 0.795 0.026 1.010 0.029 0.093 0.019
7.770 0.774 0.023 0.962 0.025 0.089 0.018
7.803 0.746 0.022 0.916 0.024 0.087 0.018
7.835 0.772 0.025 0.971 0.028 0.093 0.018
7.868 0.747 0.026 0.976 0.031 0.092 0.018
7.900 0.750 0.023 0.993 0.026 0.091 0.018
8.329 0.818 0.024 1.057 0.026 0.115 0.020
8.582 0.984 0.033 1.315 0.039 0.148 0.025
8.836 0.965 0.032 1.273 0.037 0.150 0.024
9.089 0.986 0.047 1.238 0.056 0.155 0.025
9.343 1.007 0.037 1.306 0.044 0.158 0.025
9.596 0.946 0.041 1.242 0.050 0.141 0.024





Age Detrital Flux ± Dust Flux ± CaCO3 Flux ± Corg Flux ± Opal Flux ±
(cal ka - BP1950) (g/cm2/kyr) (1 sigma) (g/cm^2/ka) (1 sigma) (g/cm^2/ka) (1 sigma) (g/cm^2/ka) (1 sigma) (g/cm^2/ka) (1 sigma)
10.306 0.998 0.041 1.268 0.049 0.145 0.025
10.416 1.011 0.034 1.207 0.038 0.149 0.024
10.526 0.942 0.040 1.249 0.048 0.157 0.024
10.636 1.092 0.035 1.214 0.037 0.166 0.025
10.746 0.929 0.032 1.150 0.036 0.149 0.023
10.856 1.000 0.037 1.255 0.043 0.154 0.024
10.966 1.074 0.041 1.325 0.048 0.159 0.026
11.076 1.170 0.046 1.360 0.051 0.179 0.028
11.186 1.072 0.047 1.249 0.052 0.172 0.026
11.296 1.116 0.050 1.284 0.055 0.178 0.027
11.585 1.103 0.038 1.276 0.041 0.168 0.026
11.654 1.079 0.036 1.330 0.040 0.173 0.026
11.723 1.072 0.035 1.293 0.038 0.175 0.026
11.793 1.161 0.039 1.304 0.041 0.180 0.027
11.862 1.029 0.050 1.243 0.058 0.166 0.025
11.931 1.077 0.037 1.260 0.040 0.168 0.025
12.000 1.111 0.065 1.317 0.075 0.174 0.028
12.069 1.091 0.044 1.351 0.050 0.181 0.027
12.138 1.147 0.052 1.311 0.058 0.191 0.028
12.207 1.115 0.053 1.364 0.062 0.195 0.028
12.449 1.546 0.064 1.458 0.062 0.258 0.034
12.622 2.116 0.176 1.839 0.155 0.311 0.050
12.691 1.977 0.106 1.582 0.088 0.272 0.041
12.760 1.902 0.153 1.615 0.131 0.257 0.043
12.829 1.761 0.119 1.528 0.105 0.232 0.038
12.899 1.617 0.091 1.400 0.080 0.217 0.034
12.968 1.667 0.069 1.540 0.065 0.230 0.035
13.037 1.830 0.137 1.760 0.132 0.254 0.043
13.191 1.699 0.076 1.508 0.070 0.267 0.036
13.207 1.758 0.092 1.695 0.089 0.272 0.039
13.222 1.626 0.070 1.585 0.068 0.234 0.036
13.238 1.458 0.064 1.616 0.070 0.224 0.034
13.254 1.429 0.089 1.581 0.097 0.223 0.035
13.270 1.365 0.063 1.553 0.069 0.206 0.032
13.285 1.580 0.060 1.524 0.058 0.209 0.034
13.301 1.726 0.095 1.585 0.088 0.219 0.037
13.373 1.256 0.050 1.415 0.054 0.177 0.029
13.444 1.386 0.060 1.582 0.066 0.196 0.032
13.516 1.239 0.045 1.263 0.046 0.168 0.027
13.588 1.249 0.087 1.312 0.090 0.172 0.030
13.874 1.444 0.082 1.375 0.079 0.202 0.032
13.946 1.349 0.061 1.439 0.064 0.203 0.031
14.058 1.266 0.101 1.425 0.112 0.199 0.033
14.211 1.450 0.063 1.497 0.064 0.212 0.033
14.363 1.291 0.090 1.462 0.101 0.188 0.032
14.515 1.354 0.052 1.401 0.054 0.182 0.030
15.489 1.938 0.101 1.666 0.089 0.222 0.040
17.573 1.722 0.086 1.164 0.062 0.153 0.031
17.727 1.488 0.070 1.019 0.051 0.124 0.027
17.887 1.686 0.086 1.123 0.061 0.131 0.030
18.052 1.679 0.092 1.117 0.065 0.124 0.030
18.217 1.644 0.096 1.102 0.067 0.119 0.029
18.383 1.547 0.078 1.056 0.057 0.108 0.028
18.548 1.585 0.101 1.109 0.073 0.106 0.029
18.879 1.473 0.063 1.335 0.093 1.090 0.051 0.165 0.029 0.121 0.029
19.621 1.403 0.060 0.989 0.082 1.059 0.048 0.153 0.028 0.111 0.028
20.248 1.375 0.052 1.041 0.079 1.077 0.044 0.152 0.028 0.105 0.027
20.562 1.093 0.042 0.943 0.065 1.037 0.040 0.144 0.024 0.081 0.024
20.875 1.553 0.072 1.399 0.101 1.205 0.059 0.170 0.031 0.100 0.031
21.189 1.212 0.049 1.013 0.073 0.926 0.040 0.138 0.024 0.081 0.024
21.503 1.592 0.067 1.250 0.096 1.267 0.057 0.183 0.032 0.109 0.032
21.816 1.126 0.043 0.714 0.062 0.959 0.038 0.139 0.023 0.083 0.023
22.130 1.432 0.058 1.309 0.089 1.175 0.051 0.172 0.029 0.101 0.029
22.757 1.586 0.073 1.437 0.103 1.117 0.055 0.170 0.031 0.114 0.030
23.071 1.486 0.060 1.477 0.095 0.943 0.043 0.149 0.027 0.093 0.027
23.385 1.908 0.098 1.565 0.125 1.337 0.073 0.199 0.037 0.134 0.036
23.698 1.675 0.081 1.524 0.111 1.096 0.058 0.172 0.032 0.133 0.031
24.012 2.260 0.151 2.260 0.188 1.207 0.087 0.196 0.040 0.171 0.040
25.900 2.042 0.119 2.042 0.157 1.144 0.073 0.192 0.037 0.154 0.036
26.844 1.679 0.087 1.679 0.121 1.042 0.059 0.172 0.031 0.120 0.031
27.788 1.711 0.086 1.711 0.121 1.113 0.061 0.168 0.032 0.113 0.032
29.677 1.603 0.086 1.603 0.118 1.189 0.067 0.201 0.033 0.129 0.032







Age Detrital Flux ± Dust Flux ± CaCO3 Flux ± Corg Flux ± Opal Flux ±
(cal ka - BP1950) (g/cm2/kyr) (1 sigma) (g/cm^2/ka) (1 sigma) (g/cm^2/ka) (1 sigma) (g/cm^2/ka) (1 sigma) (g/cm^2/ka) (1 sigma)
31.169 1.671 0.094 1.671 0.126 1.031 0.063 0.172 0.032 0.142 0.031
31.622 1.978 0.116 1.978 0.152 1.237 0.077 0.204 0.037 0.132 0.036
32.076 1.592 0.091 1.592 0.121 0.916 0.057 0.169 0.029 0.119 0.029
32.529 1.452 0.072 1.452 0.102 1.154 0.060 0.185 0.030 0.108 0.029
32.982 1.392 0.063 1.360 0.093 0.846 0.043 0.160 0.026 0.106 0.025
33.435 1.748 0.099 1.748 0.132 1.213 0.073 0.203 0.035 0.124 0.034
33.889 1.475 0.080 1.430 0.107 1.036 0.060 0.179 0.030 0.150 0.029
34.342 2.169 0.159 2.169 0.192 1.461 0.111 0.238 0.044 0.218 0.044
35.248 2.088 0.127 2.088 0.164 1.299 0.084 0.230 0.040 0.207 0.040
36.155 2.121 0.143 2.121 0.178 1.348 0.096 0.234 0.042 0.201 0.041
36.608 1.679 0.102 1.679 0.132 1.168 0.075 0.195 0.034 0.165 0.033
37.061 1.991 0.125 1.991 0.159 1.363 0.090 0.230 0.040 0.207 0.040
37.967 2.143 0.169 2.143 0.200 1.577 0.127 0.258 0.046 0.211 0.045
38.421 1.711 0.091 1.711 0.125 1.354 0.075 0.222 0.036 0.149 0.035
38.859 1.755 0.102 1.755 0.134 1.413 0.085 0.230 0.038 0.141 0.036
39.293 1.276 0.066 1.276 0.092 1.107 0.059 0.177 0.028 0.112 0.027
39.727 1.409 0.071 1.409 0.100 1.250 0.065 0.208 0.031 0.121 0.030
40.161 1.375 0.080 1.281 0.101 1.182 0.070 0.189 0.031 0.134 0.030
40.596 1.813 0.126 1.813 0.155 1.565 0.110 0.246 0.041 0.162 0.039
41.030 1.401 0.095 1.401 0.118 1.133 0.078 0.187 0.031 0.140 0.030
41.464 1.568 0.100 1.568 0.127 1.384 0.090 0.222 0.036 0.148 0.034
42.333 1.431 0.079 1.431 0.107 1.185 0.068 0.192 0.031 0.145 0.030
43.201 1.343 0.069 1.328 0.096 1.190 0.063 0.200 0.030 0.121 0.029
43.987 1.000 0.047 0.946 0.067 1.017 0.047 0.173 0.024 0.091 0.023
44.256 1.155 0.057 0.999 0.076 1.149 0.057 0.198 0.028 0.112 0.027
44.690 0.927 0.042 0.859 0.061 0.973 0.044 0.158 0.022 0.091 0.022
45.559 1.257 0.065 1.257 0.090 1.008 0.054 0.158 0.026 0.111 0.026
46.179 1.187 0.064 1.026 0.081 1.036 0.057 0.180 0.027 0.120 0.026
46.902 1.374 0.077 1.018 0.089 1.156 0.067 0.197 0.030 0.146 0.030
47.811 1.652 0.115 1.652 0.142 1.021 0.075 0.176 0.032 0.149 0.032
48.265 1.825 0.136 1.779 0.161 1.233 0.096 0.208 0.038 0.182 0.037
48.741 1.269 0.076 1.269 0.099 0.988 0.061 0.167 0.027 0.133 0.027
49.218 0.892 0.040 0.880 0.060 0.797 0.037 0.133 0.020 0.092 0.019
49.694 1.598 0.111 1.598 0.137 1.286 0.091 0.222 0.036 0.160 0.034
50.647 0.719 0.032 0.280 0.038 0.879 0.037 0.156 0.019 0.102 0.019
51.599 0.649 0.030 0.263 0.035 0.893 0.037 0.157 0.019 0.100 0.018
52.076 0.875 0.045 0.178 0.045 1.033 0.051 0.182 0.024 0.135 0.023
52.552 1.138 0.065 0.511 0.064 1.199 0.068 0.240 0.030 0.176 0.029
53.028 0.598 0.023 0.405 0.034 0.632 0.024 0.120 0.015 0.087 0.015
53.505 0.980 0.053 0.606 0.059 0.995 0.054 0.193 0.025 0.129 0.024
53.981 1.471 0.098 1.471 0.123 1.124 0.077 0.190 0.032 0.148 0.031
54.457 1.805 0.136 1.805 0.163 1.003 0.080 0.164 0.034 0.156 0.033
54.897 2.518 0.265 2.518 0.294 1.331 0.145 0.229 0.049 0.219 0.049
55.301 2.018 0.162 1.869 0.181 1.438 0.119 0.243 0.043 0.197 0.042
55.704 1.091 0.065 0.870 0.075 1.157 0.068 0.190 0.028 0.118 0.026
56.107 1.098 0.066 0.767 0.072 1.043 0.063 0.170 0.026 0.111 0.025
56.511 1.144 0.076 0.836 0.080 1.188 0.079 0.176 0.029 0.130 0.028
56.914 1.209 0.083 0.876 0.085 1.133 0.079 0.179 0.029 0.137 0.028
57.721 1.071 0.065 0.339 0.057 1.336 0.078 0.217 0.030 0.111 0.028
58.124 0.566 0.025 0.178 0.029 0.756 0.031 0.130 0.016 0.067 0.015
58.528 0.769 0.042 0.244 0.041 1.032 0.053 0.168 0.022 0.091 0.021
58.931 1.324 0.084 0.775 0.082 0.913 0.061 0.200 0.028 0.116 0.026
59.334 1.077 0.064 0.721 0.069 1.140 0.067 0.179 0.027 0.122 0.026
59.738 1.054 0.061 0.709 0.067 0.988 0.058 0.164 0.025 0.122 0.024
60.141 1.470 0.108 1.046 0.106 1.423 0.105 0.222 0.037 0.189 0.036
60.948 1.373 0.084 1.155 0.099 1.174 0.074 0.175 0.031 0.159 0.030
61.755 1.464 0.096 1.464 0.120 1.138 0.077 0.173 0.031 0.162 0.031
62.158 1.553 0.101 1.553 0.127 1.284 0.085 0.180 0.034 0.165 0.033
62.562 2.412 0.233 2.412 0.263 1.932 0.189 0.278 0.055 0.226 0.053
62.965 1.257 0.083 1.257 0.104 1.247 0.082 0.172 0.030 0.128 0.029
63.368 1.281 0.080 1.281 0.102 1.112 0.071 0.150 0.028 0.127 0.028
64.175 1.495 0.061 1.495 0.096 1.148 0.050 0.162 0.030 0.118 0.030
64.579 1.202 0.047 1.202 0.076 0.961 0.040 0.144 0.025 0.105 0.024
64.982 1.843 0.153 1.843 0.179 1.368 0.116 0.199 0.039 0.153 0.038
65.405 1.277 0.077 1.277 0.100 0.986 0.061 0.145 0.026 0.106 0.026
65.808 1.018 0.057 0.836 0.069 0.854 0.049 0.129 0.022 0.095 0.022
66.615 0.970 0.057 0.820 0.069 0.994 0.059 0.148 0.023 0.088 0.023
67.019 1.256 0.090 1.256 0.110 1.295 0.093 0.182 0.031 0.113 0.030
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Age 87Sr/86Sr Std Deviation εNd Std Deviation 207Pb/204Pb Std Deviation 208Pb/204Pb Std Deviation
(ka) (2σ) (2σ) (2σ) (2σ)
1.23 0.720063 0.000067 -10.49 0.19 15.6507 0.0012 38.9273 0.0026
8.04 0.719352 0.000067 -9.52 0.19 15.6484 0.0012 38.9607 0.0026
19.26 0.718570 0.000067 -9.60 0.19 15.6372 0.0012 38.8730 0.0026
22.07 0.719179 0.000067 -9.27 0.19 15.6263 0.0012 38.8583 0.0026
33.58 0.719746 0.000067 -9.40 0.19 15.6513 0.0012 38.9432 0.0026
41.51 0.719043 0.000067 -9.33 0.19 15.6421 0.0012 38.9142 0.0026
54.56 0.719182 0.000067 -9.03 0.19 15.6405 0.0012 38.9074 0.0026
66.29 0.717808 0.000067 -9.58 0.19 15.6379 0.0012 38.8842 0.0026
78.03 0.718251 0.000067 -9.16 0.19 15.6347 0.0012 38.8906 0.0026
83.91 0.718033 0.000067 -8.87 0.19 15.6483 0.0012 38.9310 0.0026
90.84 0.718637 0.000067 -9.15 0.19 15.6544 0.0012 38.9493 0.0026
97.32 0.719246 0.000067 -9.56 0.19 15.6500 0.0012 38.9110 0.0026
104.02 0.716652 0.000067 -7.50 0.19 15.6204 0.0012 38.8940 0.0026
110.29 0.719210 0.000067 -9.68 0.19 15.6392 0.0012 38.8812 0.0026
114.63 0.719245 0.000067 -9.98 0.19 15.6529 0.0012 38.9576 0.0026
123.29 0.719311 0.000067 -10.28 0.19 15.6562 0.0012 38.9571 0.0026
127.63 0.716527 0.000067 -7.50 0.19 15.6299 0.0012 38.8388 0.0026
133.41 0.718517 0.000067 -8.19 0.19 15.6250 0.0012 38.8237 0.0026
137.89 0.717984 0.000067 -9.44 0.19 15.6345 0.0012 38.8678 0.0026
142.12 0.718617 0.000067 -9.12 0.19 15.6326 0.0012 38.8674 0.0026
149.33 0.719612 0.000067 -8.60 0.19 15.6349 0.0012 38.8731 0.0026
156.08 0.719073 0.000067 -9.45 0.19 15.6302 0.0012 38.8574 0.0026
163.06 0.718919 0.000067 -8.68 0.19 15.6313 0.0012 38.8659 0.0026
168.42 0.719053 0.000067 -8.25 0.19 15.6318 0.0012 38.8821 0.0026
175.16 0.718062 0.000067 -7.98 0.19 15.6337 0.0012 38.9134 0.0026
181.07 0.719317 0.000067 -9.54 0.19 15.6320 0.0012 38.8791 0.0026
188.04 0.718471 0.000067 -9.33 0.19 15.6218 0.0012 38.8183 0.0026
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